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This report i s  related t o  the work performed by the staff of the 
Department of Geodetic Science. The Ohio State llniversi t y  sponsored by 
N4SA under the National Geodetic Sate l l i te  Program. Grateful acknowled~e- 
rent i s  given f o r  the generous support qiven during the past eight years 
which not only made The Ohio State University's part ic ipat ion i n  th is  
program possible but a1 so provided a to ta l  of thirty-four underoraduate 
and graduate students with assistantships o f  various lenaths and types 
during the i r  studies. Cn NASA's behalf the project was monitored by J e m  
D- Rosenberg (currently Deputy Director, Coamnication Programs, NASA 
Headquarters) from I S 5  t o  1972, whose support and encouraqmt  were f e l t  
and appreciated througtwt. Due t o  a reoqanization within NASA, h is work 
was taken over with enthusiasm by Benjamin Hilwitzky, Deputy Director, and 
James P. Pb~rphy, Special Progranrj. NASA Headquarters. 
Project stacf wi th s igni f icant contributions i s  l i s t e d  i n  the table on 
the next page. The proportion o f  the i r  individual contributions i s  reflected 
i n  a general nay by the length o f  stay and/or by the issue numbers i n  the 
Report Series of the Departnent of Geodetic Science t o  which the individual 
contributed most. I n  a university env i romnt  where there are important 
interactions between the students themselves and the instructional staff, 
i t  i s  generally d i f f i c u l t  t o  separate out individual cont;ibutions from the 
team work. Thus the Report nunbers l i s ted  ref lect ,  i n  most cases, responsi- 
b i l i t i e s  i n  a given area rather than "individual" contributions. Exceptions 
t o  th is  are theoretical studies contained i n  Reports No. 114, 147, 150, 177, 
185, where very l i t t l e  input came from students other than the authors. 
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d i rec t  fellowships, have asterisks next t o  t h e i r  names. I n  addit ion t o  
those l i s t e d  i n  the table, f i f teen students also carr ied short-term 
appointments f o r  various generally nonprofessional responsibi l i t ies.  
Graduate students on regular fe l  lwsh ips  a1 so received f u l l  t u i t i o n  
waivers from the University which i s  acknowledged here. Other University 
contributions came fm the Computer Center, which provided a s ign i f icant  
amount of free computer time and fm the Department i n  the form o f  4.47 
cost sharing of the t o t a l  research budget. 
Last but not least, grateful  acknowledqement i s  given t o  Defense 
Happing Agency (Aerospace and Topographic Centers), NASA (Goddard Space 
Fl  i gh t  Center and W2ll ops Island), National Geodetic Survey/NOSINOIC\, 
Smi t h s ~ n i a n  Astropt , ,ical Observatory for supplying the observational and 
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1 . INTRODIJCTI ON 
I n  1965 the Gepartment o f  Geodetic Science a t  ';he Ohio State Univers i ty  
had been requested t o  submit a proposal t o  the National Aeronautics and 
Space Administrat ion f o r  a mu1 t i - yea r  study and analysis of data from 
s a t e l l i t e s  launched s p e c i f i c a l l y  f o r  geodetic purpose5 and from other 
s a t e l l i t e s  useful i n  geodetic studies. The program o f  work included theo- 
r e t i c a l  studies and analysis f o r  the 9eometric determination o f  s ta t i on  
posi t ions derived from photographic observations o f  both passive and ac t ive  
sate1 1 i tes and from range observations. This paper examines the current 
s tatus o f  data analysis, processing and resul ts .  Various theore t ica l  studies 
have been described i n  the Report series o f  the Department o f  Geodetic 
Science (Nos. 106, 110, 114, 118, 139, 147, 150, 177, 185, and 191) and are 
not  repeated here. 
The u l t imate  goal of the data analysis was t o  obta in an improved global 
ne t  combining a1 1 p a r t i c i p a t i n g  t racking stat ions i n  a s ing le  worldwide 
coordinate system. I n  der iv ing  these resu l t s  OSU representatives were t o  
work w i t h  other un ive rs i t i es  and government agencies t o  prepare a handbook 
containing the best goedetic data from s a t e l l i t e  observations avai lable a t  
the time. This repor t  condenses the OSU cont r ibu t ion  t o  the above enterprise. 
The work performed during the grant period included, t u t  was not  
l i m i t e d  to, the fo l lowing:  
(1 ) Deriving the necessary xathematical formulations, programni ng and 
tes t i ng  the same. 
(2)  Making use of the observational data as they became available t o  
determine the r e l a t i v e  pos i t ions  o f  the t rack ing s ta t ions  i n  an 
a r b i t r a r y  Cartesian coordinate system. 
(3)  Estimating the pos i t i on  of t h i s  coordinate system w i t h  respect t o  an 
absolute (geocentr ic) system and a1 so r:i t h  respect t o  coordinate 
systems used by the other agencies. 
( 4 )  P a r t i ~ i p a t i ~ ~ g  i n  wbrking groups and other planning meetings t o  
es tab l ish  desi rable operat ional procedures, inc luding t rack ing 
procedures, data format, analys is  procedures, etc.  
(5) Providing advice t o  NASA on various aspects o f  the National Geodetic 
Sate1 1  i t e  Program. 
Thus, the primary ob jec t ive  o f  the OSU i nves t i ga t i on  was the geometric 
analys is  o f  geodetic s a t e l l i t e  data. The analysis was t o  be accomplished 
i n  three steps: 
(1) The establishment of a  primary network where s t a t i o n  pos i t ions  are  
known t o  an i n te rna l  consistency o f  10 meters or  be t te r  t o  serve the 
fo l low ing purposes: (a)  t o  es tab l ish  the r e l a t i v e  re la t ionsh ips  
between the various geodetic datums i n  use around the world; 
( b )  connect i so la ted  t rack ing  stat ions, islands, naviqat ional  beacons 
and other  points  of i n te res t .  
I n  f u l f i l l i n g  the requirement o f  (a) a  minimum o f  three t rack ing 
s ta t ions  were t o  be used on any given datum. 
(2) Establishment o f  a  dens i f i ca t ion  network where  tati ion pos i t ions  are 
krlown t o  an i n te rna l  consistency o f  three meters o r  b e t t e r  t o  serve 
the fo l low ing purposes: (a) improve the i n te rna l  q u a l i t y  af ex i s t i ng  
geodetic ne;wol,ks ( t r iangu la t ion ,  etc. ) by establ i sh ing  "super" cont ro l  
points i n  suf f ic ient  numbers; (b) t o  provide control for mapping t o  
scales as large as ! :25 ,00  i n  areac a r e  no primary geodetic control 
exists. 
(3) E s t a b l i s h v t  o f  a set o f  sc i en t i f i c  reference stat igns where positions 
are know t o  an in terna l  consistency o f  one meter o r  bet ter  for 
advanced (earth and ocean physics) appl ications. 
This report  contain; resu l ts  i n  connection w i th  (7  ). 3 e  goals o f  
items (2) and (3) s t i l l  need t o  be f u l f i l l e d  when the qualZty of the obser- 
vat iork l  material and/or the d is t r ibu t ion  o f  tracking stat ions w i l l  become 
better  than those made avai lable for t h i s  study- Since the  National 
Geodetic Sa te l l i t e  Program i s  no longer funded, i t  i s  only hoped that  
these goals w i l l  be incorporated i n  the Earth and Ocean Physics Application 
(EOPAP) o r  i n  the GEE-C Programs. 
This report i s  i n  s i x  sectior?s. Following the b r i e f  section on 
instrumentation, section 3 contains material on observational and survey 
data as provided t o  The Ohio State universi ty by the various data co l lec t ing 
agencies. After describing the t k r y  i n  section 4, the resu l ts  o f  the 
least  squares adjssbnent are given i n  section 5. This section also contains 
the comparison o f  these resu l ts  wi th various dynamic solutions and survey 
data. I n  section 6 conclusions are presented wi th  sorne recotmendations 
for future work. Nunbers i n  brackets a f t e r  the section captions re fe r  t o  
the appropriate Department c f  Geodetic Science Report where more 
detai led information on the content of the section *ay be found. 
The Ohio S t a t e  University used data provided by other groups and did 
not make any observations of i t s  orn. I t  did not develop or use any 
instnrents or  equipent d i c k  were unique to OSU'r work, and the instruments 
used i n  getting the data used by OSU are described i n  [herican Geophysical 
Union, i n  pmss]. 
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3. DATA 
Oetai I s  of the data used by OSU and obtained from varicus agencies are 
presented i n  the tables of section 3.1, 3.21 and 3.3. Refore reachins OSb the 
data x i s  subjected t o  reductions considered necessary by the respective 
agencies [Gross, 1968; Hotter, 19671. Most of the obtained data needed sane 
kind o f  addi t ional  treatment before i t could be used f o r  analysis; the more 
important de ta i l s  o f  t h i s  treatment (preprocessing) are given i n  section 3.22. 
3.1 Sate1 1 i tes and Observation Stations 1711 
Data used for  OSU investigations was obtained by observing the sate1 1 i tes 
l i s t e d  i n  Table 3.1-1. Orb i ta l  and other information on these sa te l l i t es  i s  
tabulated i n  [Girnius and Joughin, 1968; King-Hele e t  al., 19701. 
Survey information regarding the observation stat ions i s  summarized i n  
Tables 3.1-2 t o  3.1-4. 
Table 3.1-1 











Explorer 1 9 
Desi gnat i on 
65 89 1 
68 02 1 
61 2A 1 
63 3fl 1 
ti6 56 1 
65 3a 3 
62 68 1 
1967 658 
62 20 1 
Designation 
62 60 1 
60 13 1 
63 30 4 
60 09 2 
64 38 1 
61 04 1 
63 53 1 
Name 
GEOS- I 





Re1 a.y 1 
SECOR (EGRS) 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3 .1-2  (cont'd) 
-- -------------------------------------------------- -------------------------------------------. 
I S T h T l O N  I O A T U * l  f U R  V F V C O O R  0 I H A  T F  5 '  1 L a  I I N q I R .  1 1NSTR.  I S O U R C E I  I-------------- I I-------------------------------------- I I H E ~ C ~ T ' I  I I 
1 N O  1 N A M E  I CODE'  I L A T l T U G E  LONG I TUOE I E L L . H 4 M l  1 I I ( M I  I T V P E  I C T G f ' l  
-~ 
I I 
1 6 0 4 7  I Z l * * O A N C A  
I 6 0 5 0  I P A L M E R  S T A T I O Y  
I 6 0 5 1  I MAYS3W 5 l A T 1 0 U  
I 6 0 3 2  I u I L K E S  S I A T I C N  
1 6 0 5 3  1 VCMURCC STATIOP4 
1 6 0 5 5  I A S C F h S l O N  I S L A N D  
I 6 0 3 9  I C M R I S T M A S  I S L A t i O  
I I 
I bob0 I CULGOORA 
I 6 0 6 1  I S 3 U T M  G r O R t l A  I S .  
I 6063 I O A K A U  
I 6 0 6 4  I F C R T  L A M V  
I b o a 5  I n O r E Y ~ E I S S E N R E R G  
I 6 0 6 1  I YAICE I S L A t 4 D  I I  
1 b o b 7  1 N A T A L  
I I 
I bob? J JOHAYNESeURG 
I 6 0 6 9  I T a i s T b H  DA CUNWA 
I 6 0 7 2  I CMIA 'wG W A I  
I 6 0 7 3  I D l i G O  G A 9 C I A  
1 6 0 7 5  I n r u E  
I 6 0 7 8  I ponr VILA 
I 6111 I u a I G M T w o o o  1 
I I 
I 8122 ! P C I % T  BARROW 
1 6 1 3 4  , Y P l G H T h C 9 0  11 
I 7 0 3 6  I E D l h P U R G  
1 7 0 3 7  1 C 3 L u * A I A  
I 7 0 3 0  I BEQWU9A 
I 7 0 4 0  I $ A N  J U A N  
1 7043 1 G 7 E L t * B E L T  
I I 
I 1 0 s 5  I OEPrvEa 
1 7 0 7 2  J U P l T E R  
1 7 0 7 5  1 S U 5 0 U Q l  
1 7 0 7 6  1 I ( I I Z S T 0 N  
I 0009 I W I P P C L O E A  
I B O L O  I Z l * ~ E R d A L O  
I 8 0 1 1  1 w r l v E R N  
I I 
I 8 0 1 5  I H A U T E  P R O V E N C E  
I 6 0 1 9  I t t l C E  
1 8 3 3 0  1 V i 2 5 C N  
I w e 1  t C:GA, P A S S  
1 9Jf2 t C!LIFA ' ;TSFOHTEIN 
I 9304 I SAP: F % i \ A N G O  
1 900s , rcxro 
1 2 2  




3 4 5  
7 0 2  
1 4 9  
3 2 3  
3 4 2  
1 5  
11 
L b b  
324 
2 7  
3 4 7  
9 3  
1 2  
5 5  
1 611 
7 4 2  
2 0 3  
2 4 2  
2 b  1 
2 6 7  
2 9 5  
2 9 4  
2 1 3  
2 5 5  
2 7 9  










3 5 3  
1 3 0  
7 9  
2 8 8  
5 2 
2 9 1  
2 7 0  
294, 
203 
B C - 4  
ec -4 
Y 9 1 S  60 
MOTS 4 0  
w o r t  4n 
M D l S  4 0  
p r n - 1 0 0  
MOTS 40 
ncrs 4 n  
m a r s  40 
nnrs 40 
~ O U W E R S  
x n r  H 
SCMM A 
SCUM 0 
A N T A R E S  




6 - t l  
0 - N  
0 - N  
8 - N  
P -N 
8 -N 
6 - U  














































































































































































































































































































































































































- - - - - - - - - - - - - - -- - - - - - 
btm El 1 i m o l d  Orlain Latitude L m i  tude 
- - -  
STATIW b ADIRD#M 
B C m  13 CCC 
Ruf f r l  .fon:rlr 
Cdmo lnchauspe 
#an of three Stations 
Johnston Mmorial Cairn 
. J1nd.n (Ethiopia) 
k a r l c a n  Sama 1%2 
kc-Cape (South Africa) 
ArpcAtlnt 













k m d a  :957 
Bnnc IS#) 
Bet19 Island. 1966 
Cap kea Astm 1961-4 
USGS 





~omga Ale9- ( ~ r a z i i - m w i q )  
Easter 1s;and 1967 
Arm 
n. cconcr s 1937 
Bernc Observatory 
1966 SECOR ASTRO 
ClUP LiREA ASTRO 
1966 UllTOl SECOR ASTI(O 
SAT.TRI.STA. 059 R l U  
MW\ 
CORREGO NfGRE 





l h c i o s a  Island (Azores) International 
6120. Provisional 00s 
b 
Ward Astro 1969 
Iben A s t r ~ ,  Navy j947 
(Truk) 
Indian 
I s l a  Socorn, Astro 
Jdnston Island l % l  
Kusale. Astro 1962, i%5 
L u m  1911 (Philippines) 
Midway Astro 1961 
Ilc* Zealand 1949 
Worth he r l can  1927 
W 1927 (Cape 
Clnavera 1 1 
.MO 1927 (Uhite Sands) 
Old Bavarian 
Old Hawat Ian 
Ordnance Suwey 
6.0. 1936 
Pica de las  Nieves 
(Canaries) 









fOGCM LEE M). 7 
IlTSATRIG 0044 ASTRfl 
l8EN ASTRO 
E v n w  t 
Clarke 1866 
Kal ianpur 
S ta t fm  038 
m s T m  ISLAllO 1961 
ALLEN SOMnO LIGHT 
BALANCAll 

















MHI NEST BASE 
Herstaonceux 




PITCAIRN ASTRO 1Q67 
Helmert Tower 
LA C A m  
Pro;isional 5. Chile International 
i 963 
Pul kovo Observatory 
CHuA 
~ u l k w o  1942 Krasse*ski 
South American 1969 South Anerican 
1969 
Southeast Island (Ibh Clarke lRRO 
South Georgia Astm International ISTS 061 ASTRO POINT 
1%8 
1966 SECOR ASTRO Swallow ls l lnds International 
( S o l m s )  
Tawnarive International 
Tokyo Bessel 
Trlstan Astro 1968 International 
V i t l  Levu 1916 ( F i j i )  Clarke lR8O 
Tananarive Observatory 
Tokyo Observatory (010) 
INTSATRIC. nFQ Rlt '40. 2 
nOnnVATU ( lat i tude only) 
SlNA (lonqi tude on1 y) 
ASTRO 1952 Uake Island. Astmnomic International 
1952 
 of-ktm 1967 (Dakar) Clarke 1A80 
Palmer Astro 1369 International 
Eftate Interna tlonal 
*Local datums of special purprse, based on 
YOF ASTRO 1 W.7 
151s OM 
Bel le Vue IGN 
NAO 1927 values for the or 4gln stations. 
Table 3.1-4 
S m r y  o f  Source Information 
3.2 Sate1 1 i t e  Observational Data and I t s  Hand1 ing 
3.21 S a t e l l i t e  Observational Data [187, 188, :93, 195, 1961 
Data used i n  the four OSU p a r t i a l  solutiorls (networks) reported 
ear l ie r ,  namely, MPS, BC, SECOR, and SA, and i n  the current combined 
solutiorts designated WM, i s  sumnarized i n  Table 3.2-1. These networks 
are shown i n  Figs. 3.2-1 through 3.2-7. Various s t a t i s t i c a l  information 









[CSC, 1 972/73] 
[ ~ u b e r  , 1 971 ] 
[Gaposchkin e t  a1 . , 19731 
Table  3 . 2 - 1  
B a s i c  In fo rmat ion  on the OSU Solut ions (Networks)  
d 
w IMPS Includes 14 PC-1000 s ta t ions,  15 MOTS-40 s ta t ions,  1 PTH-100 s ta t ion,  7 C-Band s ta t ions,  
6 European s ta t lons  (8000 ser ies) ,  and 23 SAO s ta t ions  (9000 ser ies) .  
20C includes a l l  49 s ta t ions  o f  BC-4 Worldwide Geometric Sa te l l  I t e  Network. 
3SECOR includes 37 SECOR s ta t lons  o f  the Equator lal  N e t w r k  and 13 co l loca ted  BC-4 camera s ta t lons .  
includes 9 PC-1000 s ta t lons  o f  South American Dens i f l ca t lon  Net and 5 BC-4 s ta t lons.  
SUN i n ~ l u d e s  a l l  the  above-mentioned four  networks, namely, MPS ( less one C-3dnd s ta t ion :  4742) ,  
BC, SECOR, and SA. 
OSU 







6A p o s t e r i o r i  standard dev ia t ion  o f  u n i t  weiqht. 
70SU Department of Geodetic Science Report No. 
















No, o f  Constraints Used 
Go,, 
1.07 















Re la t i ve  






S ta t ion  




















t i o n a l  
- - 
4 8 
3 7  
14 
158 











0 USAF (PC - 1000) 
Not Shown 




Sumnary of Observation Types 
*OMA Defense Mapping Agency 
NGS National Geodetic Survey 
NSSDC National Space Science Data Center 
SAO Smi thsoni an Astrophysical Observatory 
Table 3.2-3a 
Summary o f  Simultaneous Observations by L ine (MPS Network) 
L ine 
Stat ion-Stat ion 
1021 -1 022 
1021-1030 
1 021 - 1 032 
1021 -1034 
1 021 - 1 042 
1021 -31 06 
1021 -3401 
1 021 - 3402 
1021 -3405 








1 021 -7040 
1 021 -7043 
1021 -7045 
1 021 - 7072 
1021 -7075 
1021 -9001 
1021 -901 0 
1 022- 1030 
1022-1 034 
1 022- 1 042 












1 022- 7036 



















































































1 034-3 902 
- 







































Table 3.2-3a (cont 'd) 
L ine  








































3 1 06-3404 
. ~ - -  - 





























































































































S ta t ion -S ta t ion  
Table 3.2 
No. of P a i r s  
)a (cont 'd )  
Line 
S ta t ion -S ta t ion  No. o f  P a i r s  
Line 
Station-Station 
Table 3.2-3a (cont 'd) 






































801 0-801 5 
801 0-801 9 
801 0- 9004 




801 1 - 9004 
801 1 - 9008 
801 1-9426 
801 1-9431 




















































803 0- 9004 
3001 - 9007 
9001 -9009 
9001 - 901 0 



















Table 3.2-3a (cont 'd)  
Line 


























9009- 901 0 
9009- 901 1 
9009- 9424 
901 0-901 2 
901 0-9424 
901 1 -9029 






9029- 903 1 
9091 - 943 1 
9091 -9432 
L ine 























































Summary o f  Simultaneous Observations by L ine (BC N ~ t w o r k )  
I Line 






6001 -601 1 
6001 - 601 5 
6001 -601 6 
6001 -6038 
6001 -6065 































L ine  











601 1-601 2 
601 1-6022 
601 1 -6038 
601 1-6059 
6011-6111 




















601 6- 6042 
601 6-6063 
601 6- 6064 
601 6-6065 
601 9-6020 


















































































Table 3.2-3b (cont 'd)  
L ine 







































6038- 603 9 
6038-6059 






























































































6051 - 6053 
6051 -6061 







































































Station-Station No. o f  Pairs 
Table 3.2-3c 
Summary of Simultaneous Observations by L ine (SA Network) 
I 
Line 



















601 9- 3406 
601 9-3407 























































- -. - 
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Sumnary o f  SECOR Obs rvations by Quadranqle 
I Quad I Stations Involved ! Quad I No. of 1 Stations Involved Observaticns No. of Observations 
3.22 Data Handlinq 
3.221 Preprocessinq. 170, 82, 93, 100, 106, 110, 1951 
The term preprocessi nq covers any trea b e n t  ( reductions , correct ions, 
etc. ) necessary t o  be applied t o  the observed data p r i o r  t o  i t s  analysis for 
the purpose of removinc! systematic errors burdening the observations. From 
the po in t  of view of the investiaator who has not part ic ipate4 i n  the 
actual observations preprocessing can be considered as consi s t ino  o f  two 
p j r t s ,  namely, 
!I) Reductions and corrections o f  observed data by the respective agencies 
responsible f o r  the observations p r i o r  t o  sending the data e i ther  t o  
the National Space Sciewe Oat3 Center o r  t o  the indiv idual  inves- 
t igator .  This par t  of the preprocessinq i s  deal t  a ~ ? h  by Hotter 
[1%7] and by Gross [1S63]. 
(2) Additional corrections t o  the reduced data, o r  hoimqenization o f  the 
data obtained from various agencies, screeninq o f  data for blunders 
and ambiguities are the parts of the preprocessinq procedure t o  be 
done by the investiqator. 
Fig. 3.2- 8 i s  a sel f -expl ana to ry  sunnary of both types o f  preprocessing 
f o r  opt ica l  observations as handled i n  pract ice. The shaded blocks represent 
the port ion o f  the work performed a t  OSI!. For more detai 1 s see [Hotter, 
19673. 
Fig. 3 . 2 - 9 i s  a sumnary o f  preprocessing applied t o  the SECOR data. 
For more detai 1 s see [Gross, 19681. 





AR'O~ = -0.7125 
Robs = observed range measurement 
CHf, CLF = observed frequency channel 
cal ibrat ion correction (high 
and low frequency) 
Dl-DC = piven ionospheric correction for  
each ranae 
A H F , ~ i F ;  1 A~.A: = civen ambiguities 
( i n i t i a l  and new sets) 
Scale R AS = .98 obs 
1 06 
Fig. 3.2-9 Scheme of SECOR preprocessing procedure at OSU. 
34 
IBM (9 track) S E C O R I I  Q 
Geometric 
ta. (ui 'Vi *wi 
6 
sin a = sin6 sing + cos6 cos(h + A )  cosg- 
batel 1 i te  $,A station coordinates 
alt itude "an 
h ,6 topocentric Greenwich hour angle and declination 
-' %bs) k i  (1 - e 
sin a + k2 cos a 
where 
k, = 2.7 
k2 = 0.0236 
Z = 1./7000. 
a = elevation angle 
(Final 
Corrected I r = RI - TROPO 
Range 
r I 
I Print  out (MUGOP forma: ) 
IBM (9 track) 
Fig. 3.2-9 Cont'd 
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3.222 Detection o f  Blunders and Rejection. * 1861 
A. qpt ica l  Data. Blunders i n  the observed decl inations and r i g h t  
- 
ascensions and/or observing qround s ta t ion coordinates are detected 
during the f~ rmat ion  o f  the normal equations. The procedure used i s  t o  
t es t  the variance o f  u n i t  weight that  would resu l t  from a preliminary 
least  squares adjustment o f  each simultaneous event. I n  t h i s  adjustment the 
ground stat ions are held fixed. The residuals on the i jth observed a, 6 
pa i r  from such a prel iminary adjustment are the f i r s t  two elements of the 
3 x 1 vector 
(The t h i r d  element i s  the range t o  the prel iminary adjusted s a t e l l i t e  
posit ion.) And, therefore, 
since the t h i r d  element i s  dispensed w i th in  the product 
(see equation 4.2-16). Therefore, the variance o f  u n i t  weight i s  computed 
from w0 -+ -1+o + 
event (Xi - X )  Mi .(Xi - x*) 2' = 
where the numer~tor can be shown t o  be the sum square of the weighted 
residuals (arc seconds squared) of a l l  the observed decl inations and r i g h t  
ascensions i n  the event; n i s  the number o f  ground stat ions i n  the event. 
I f  a number o f  rejected simultaneous events repeatedly contain a 
par t icu lar  ground stat ion, i t  i s  probably due t o  a blunder i n  the coordinates 
*To dppreciate t h i s  section the reader i s  advised t o  study section 4 f i r s t .  
36 
o f  the pa r t i cu la r  ground s ta t i on  rather  than i n  the observed quant i t ies .  
I n  t h i s  case, the prel iminary coordinates of t h a t  ground s ta t i on  should be 
ve r i f i ed .  
6.  Ranqe Data. Blunders i n  the observed topocentr ic ranges and/or 
ground s ta t i on  coordinates are detected during the formation o f  the normal 
equations. The procedure used i s  t o  t e s t  the variance o f  u n i t  weight 
(equation 3.2-10) a r i s i n g  from a p re l  iminary l eas t  squares adjustment of 
each simul taneous event. 
The pre l iminary adjustment i s  bas i ca l l y  an i t e r a t i v e  adjustment for  
the u vj, w j  rectangular coordinates o f  the s a t e l l i t e  pos i t i on  by f i x i n g  j ' 
the ground stat ions and applying the residuals o f  the adjustment t o  the 
observed ranges. The approximation t o  the parameters u , V ,  w. i s  obtained 
bv converting the so-cal 1 ed approximate geodetic coordinates of the sate1 1 i t e  
i n t o  rectangular coordinates by use o f  equation 4.2- 18. The approximate 
geodntic coordinates of the sate1 1 i t e  are obtained by averaqinq the l a t i t u d e s  
and longitudes o f  the ground s ta t ions  involved i n  the simultaneous event 
and est imating the e l l i p s o i d a l  height of the s a t e l l i t e .  The idea t h a t  the 
above i s  crude i s  inmediately re jected upon the knowledge t h a t  a t  most 
four  i t e r a t i o n s  ( t o  a tolerance of 1 cm i n  uj, v ,  w.) are required and J 
t h a t  the e lec t ron ic  computers perform these i t e r a t i o n s  more qu ick ly  than 
the time necessary t o  solve the corresponding simultaneous, exact, second- 
order equations . 
The equation g iv ing  the mathematical s t ruc ture  o f  t h i s  pre l iminary 
adjustment i s  i den t i ca l  t o  equation 4.3-1, the mathematical s t ruc ture  for  
the main range adjustment. Since only three parameters are involved, the 
1 i neari  zed form o f  the mathematical s t ructure f o r  n ground s ta t ions  i n  one 
37 
simultaneous event becomes 
where the coef f ic ient  matrix 
the correction vector f o r  the sa t e l l  i t e  coordinates 
the residual vector f o r  the ranges 
and the constant vector 
The normal equations 
d = 
where 
N = A ' P A  3 .2  - 8 
and 
U = A ' P L  3.2 - 9 
are solved f o r  X by i t e r a t i o n  u n t i l  the elements of the vector X are less 
than 1 cm. A t  t h i s  point, X i s  entered i n t o  equations 3.2 - 2 and the 
vector o f  residuals i s  determined; the variance o f  u n i t  weight i s  then 
computed accordi ng t o  
C . 
0 D 
r - r  l j  l j  
0 
r - r  
b 
2 j  . 2 j  
O ' b  
r - r  
- 
m j  n l j ~  
The complete set o f  data f o r  the simultaneous event i s  pr in ted out f o r  
2 
evaluation i n  the case tha t  the par t i cu la r  a. i s  greater than a chosen 
0 b 
where r and r are pre l  iminary and observed ranges respectively. 
1 j 1 j 
input value. A t  the same time, no contr ibut ion i s  made t o  the normal 
equations by the rejected event. 
3.3 Constraints 
For the explanation o f  the type o f  constraints used i n  the solution, 
see sect ion 4.5. Only the data used i n  applying the various constraints i s  
summarized here i n  Tables 3.3-1 t o  3.3-4. 
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Table 3.3-1 
Summary of Constt-aint-Types w i th  the Source Information 
- - - 
*CSC Computer Sciences Corporati on 
DGFI Deutsche Gegdtlti sches Forschungs i n s t i  t u t  
DMA/TC Defense Mapping Agency Topographic Center 
DNP D iv i s ion  o f  National Mapping, Dept. o f  National 
Development, Aus t ra l ia  
NGS National Geodetic Survey 
NWL Naval Weapons Laboratory 

















Relat ive Pos i t ion  
BC-4 - Baker-Nunn 
BC-4 - SECOR 
BC-4 - BC-4 
Others 
Height 





A f r i ca  









CSC, NGS, NWL 





NASA/Wal lops I s 1  . 

Table 3.3-3 
Geoidal Undulations and Heights Used in the Constraints 
-------------------..---. 
I S T A T I O N  I-------------------- I I 
I NO I N A M E  I 
-----------------------.-- 
I 1 I 
I I I 
! 1021 1 BLOSSOM POINT I 
1 1022 1 FORT MYERS I 
I 1030 I GOLDSTCNE I 
1 1032 / ST. JOHN'S I 
1 1033 1 FAIRBANKS I 
I 1034 I E. GRAND FORKS I 
I I I 
I I 
1 1042 1 ROSHAN 
i 3106 1 ANTIGUA 
3334 1 STOYEVILLE 
3400 1 COLORADO SPRINGS 
3401 1 BEDFORD 
3402 I SEMMES 
I 
I 
3404 I SWAN ISLAND 
3405 1 GRAND TURK 
3406 I CURACAO 
3407 1 TRINIOAO 
3413 1 NATAL 
3411 ' BRASILIA 
I I 
I I 
1 3431 1 ASUNCION 
1 3476 1 PARAMARIBO 
I 3477 I ROGCTA 
1 3478 1 HANAUS 
1 3499 I QUITO 
1 3648 1 HUNTFR AFB 
I I 
I I 
1 3657 1 AaERDEEN 
I 3861 I HOMESTEAD 
I 3902 I CHEYEVNE 
1 3903 1 HERNGON 
1 4050 1 PRETORIA 
I 4061 1 ANTIGUA 
I I 
I I 
I 4081 I GRAND TURK 
1 4082 I MFRRITT ISLAND 
I 42PO 1 VANDERRERG AFB 
1 4740 1 BERMUDA 
1 4742 1 KAUAI 




I NREF ' 
I 








! -25 -47  
-34.38 
40 .83  













! I N )  
------ 
-45 65 

















Table 3.3-3  ( c o n t ' d )  
1 S T A T I O N  1- ---------------- - ----- I I 
I N O  I N A M E  I 
------------------------ 
I I I 
I I 
1 5201 ' 1  MOSES L A K t  
1 5 4 1 0  1 M IDWAY I S L A N D S  
I 5 6 4 1  1 FORT STEWART 
I 5 7 1 2  I P A R A R A R I P C  
I 5713 1 T F R C E I R A  
I S t 1 5  I DAKAR 
! I 
! I 
i 5 7 1 7  1 FORT L A M Y  
5 7 7 0  1 A D O I S  A B b B A  
I 5 7 2 1  1 MASHHAD 
1 5 7 2 2  1 O I E G O  G A R C I A  
5 7 2 3  1 C H I A N G  H A 1  
1 5 7 2 6  1 ZAMBOANGA 
I 
I 
5 7 3 0  1 WAKE I S L A N D  
5 7 3 2  1 PAGD P A C 0  
, 5 7 3 3  1 C H R I S T M A S  I S L A N D  
5 7 3 4  1 SHEMYA 
5735 1 N A T A L  
' 5 7 3 6  I A S C E N S I O N  I S L A N O  
I 
1 
I T r R C E I R A  
I C A T A N I A  
I W o R T H l N G T O N  
I RERMU3A 
I PANAMA 
I PUERTO R I C O  
I 
I 
1 A U S T I N  
I CYPRUS 
I ROTA 
I RORERTS F I E L D  
I S l N G A P O R F  
1 5 9 3 1  1 HONG KONG I 
I I I 
I I I 
1 5 9 3 3  1 D A R W I N  I 
1 5 9 3 4  1 HANUS I 
I 5 9 3 5  I GUAM I 
1 5 9 3 7  1 P I L A U  I 
I 5 9 3 8  1 G U A 0 A L C ~ ' J A L  ! 
I 5941 1 H A U I  I 
I I I 




Table 3.3-3  (cont 'd)  
---------------------------------- 
I S T A T I O N  I NPCF 'I HCOYSTQ ' la~Omrm' l  
I-- ---------------------- I I I I 
I N o  I N A M E  I I R )  I ( w :  I in) I 
------------------- ------------------ ----- ------- 
I I I I I I 
I I I I I I 
I 6065 I HGMFNPFISSFN~FRG I 44-23 I 960.09 1 2.5 1 
I 6066 I MAKE ISLANO 11 I 13-14 1 24-02 I 8.0 I 
I 606, I NATAL I 1 2 0 3  I -2.14 ! 6.0 I 
( 6068 1 JOHAI*.tSPURG 1 24.65 I 1513.46 I 6.0 I 
1 6069 1 TRISTAN OA CUNHA I 25.q2 1 17.30 1 8.0 I 
I -72 I CHIANG nr r  I -40.39 I 264.61 I 13.3 I 
I I I I I I 
I I I I I I 
I 6073 I OIECO GARCIA I -73.64 I -94.96 I ROO I 
1 6075 1 HAHF I -44.40 I 514.73 I 8.0 I 
I 6078 I PORT VILA I 1 I R l - 7 2  I 8.0 I 
I 6111  I YRIGHTUMO I I -33.18 I 2248974 1 4.0 I 
1 6123 1 POINT RARROW 1 - 1.40 1 6 I 6 0  I 
I 51 34 I URIGHTMWD I 1  1 -33.19 I 7167.83 1 4 I 
I I I I I I 
I I I I i I 
I TOM I EI~IN*URG I -19.7e I 32.17 I 4.0 I 
1 7037 1 -3LUWJIA 1 -33.P7 1 329.20 1 2.5 1 
1 7039 1 BFRMUOA 1 -43.43 1 -30.60 1 4.0 1 
1 7040 1 SAN JUAN I -50.S5 I -20.06 I 6.0 I 
I 7063 I GREFYSELT I -36.91 1 2-44  1 2.5 1 
I 7045 1 DENVER I -18.10 1 1765.36 1 2.5 1 
I I I I I I 
I I I I I I 
I 7072 I JUPITER I -36.04 I -35.56 I 4.0 I 
I 7015 I SUO3UQY I -39.2C' 1 730.07 1 1.5 1 
I 707b I KINGSTOY I -26.62 1 403.91 1 8.0 1 
1 8009 1 WIP~OLDER 1 42.33 I 41-11 1 4.0 I 
I eolo I r l n w ~ ~ w r ~ o  I 44.77 I 920.58 I 2.5 I 
I 8011 I MALVERN 1 47.43 1 134.97 1 4.0 1 
I I I I I I 
1 I I i I I 
I 8015 I HAUTE PROVENCE I 46-30 I 676.87 I 4.0 I 
I 8019 I NICE I 45-91 I 394.73 I 4.0 I 
I 8030 I MEUDON I W - 6 4  I 183.23 I 2 5  I 
I 9001 I ORGAN PASS I -27.Q3 I 1613.14 1 4.0 1 
1 9002 1 OLlFANTSFONTEIN I 24.27 I 1233.45 I 6.0 I 
1 0004 1 SAN FERNANDO 1 54 -51  1 50.44 1 6.0 1 
I I I I I I 
I I I I I I 
I 9005 I TOKYO I '0.20 1 8 8 - 1 1  1 6.0 1 
I 9006 I NAINI TAL I -48.l2 I 1858.89 I 6.0 I 
I 9007 I CIREOUIPA I 31-82 1 2 4 6 4 0 5 7  1 6.0 I 
I 9008 1 SHIRA: 1 -10-91 1 1559.17 1 6.0 I 
1 9009 1 CURACAO 1 -29.19 1 -39.15 I 4.3 1 
1 9010 1 JUPITER 1 -36.04 1 -34.63 1 4.0 1 
I I I I I I 
I I I I I I 
Table 3.3-3 (cont'd) 
--- ------------------------------------- 
1 S T A T I O N  1 1 WtEF ' 1  HCONSTR lulKQamSl 
) ---- - ------------ I I I I 
I NO I N A M E  I I M I  I M I (R) I 
------------------------------- 
I I I I I I 
I I I I I I 
I 9 0 1 1 - 1  V I L L A  DOLORES I 22.@0 I 609.25 I 6.0 I 
I 9 0 1 2  I R A U l  1 1-74 1 3 0 4 1 - 7 6  1 8 I 
1 9 0 2 1  1 W t W T  HCPUINS I -27.00 1 2351.01 1 4.0 1 
i 9oze I roors  ABAU I - 5.78 I lesh.15 I 6.0 I 
1 9 0 2 9  1 NATAL I - 1 2 0 3  1 2.57 1 6.0 I 
1 9051 I C O m 0 0 R O  P l V A O A V I A  I 13.43 1 119.36 1 8.0 I 
I I I I I I 
I I I I I I 
I 9 0 5 1  I ATHENS I 3 2 - 0 1  I l"0.q6 I 0.0 I 
I pop1 I OIC(I(YSOS I 32.e~  I 47e.13 I a.s I 
1 9424 1 COLO LAKE I -26.21 1 672.13 I 2.5 I 
I 9425 I EOUAR3S AFB 1 -32.39 1 749047 I 4.0 I 
I 9426 I MARESTUA I 3 - 3 9  1 589.17 I 2.5 I 
I -27  I JoHnSTON I S L A N O  I 8.83 I 20.59 1 8.0 1 
I I I I I I 
I I I I I I 
I 9431 I R I G A  I 2 5 - 6 7  I 9 7  1 2 . 5  I 
I 9432 I UZHGCQOO 1 39-71 1 201.99 1 7.5 1 
I I I I I I 
I I I I I I 
' FROM [RAPPI 1973 1 
2 HCOMSTR MSL NRFF AN (SEE SECT I9N  5.1) 
USED I# CORPUTING THE WEIGMTS bF THE HE IGHT  CQMSTRAI#TS 
Table 3.3-4 
Chord Constraints 
Used i n  computing the weights. 
2Refer t o  Table 3.3-1. 
Stat ion-Stat ion 
6002- 6003 
6003-61 11 















3 1185 363.232 
1 425 876.452 
2 457 765.81 0 
1 194 793.601 
3 485 550.755 
2 300 209.803 
3 163 623.866 
3 54' 871 -454 
1 531 562.9 
10 909 592 
7 362 142 
1 593 106 
1 230 691 
2 288 026 
3 977 684 


































4. THEORY AND MATHEMATICAL MODELS [86, 150, 185, 191) 
This section presents almost the complete theory used i n  transforming 
the observational data (section 3)  i n t o  geodetic resul ts.  Left out of 
t h i s  section and given i n  section 3 instead i s  that  pa r t  of the theory 
which concerns the preprocessing procedure o f  the observed data where 
systematic errors i n  the observed data are removed, detected, and e l imi -  
nated, or  where generally the necessary corrections t o  the observed data 
are made before inser t ing them i n t o  the method o f  l eas t  squares adjustment. 
4.1 Def i n i  t ions and Coordinate Systems [86] 
4.11 Basic Concepts and Statement o f  the Problem 
A theory proceeds from a set  of known facts o r  assumptions cs l led the 
data, - and by manipulating these according t o  accepted ru les  cal led theory, 
produces cer ta in  conclusions c a l l  ed resul ts.  This process i s  star ted i n  
response t o  the posing of a problem. The problem i n  t h i s  case can be 
stated as follows: 
Given are the approximate coordinates of a number o f  points (stat ions) 
on the surface o f  the earth, which are asslt.md t o  be i n  e r ro r  by unknown 
amounts. A1 so given are measured distances and/or d i rect ions from these 
points t o  other points on and also above the surface o f  the earth ( a r t i f i -  
c i a l  sate1 1 i tes) ; the observations occur i n  sets w i  tn a1 1 observa t ions 
w i th in  a given set  being made a t  the same time. The problem i s  then t o  
f i n d  the most probable values f o r  the unknown errors i n  the coordinates 
o f  points (stat ions) on the earth's surface. 
Thus i n  t h i s  "space t r iangulat ion ( t r i l a t e ra t i on ) "  method sate1 1 i tes 
are observed simultaneously from groups of known and unknown ground 
48 
stat ions, permi t t ing a purely  geometric solut ion. The main charac ter is t i c  
o f  t h i s  method i s  tha t  o r b i t a l  elements are not required. If the s a t e l l i t e  
posi t ions are needed they can be computed from the pre l iminary coordinates 
o f  the ground stat ions and the observations themselves. 
The method used t o  get  a so lu t ion  i s  therefore (1) t o  set  up the 
equations g iv ing  the observations (angle o r  distance) i n  terms o f  observer 
and sate1 1 i tes coordinates; (2) 1 i nea r i  ze these equations t o  g ive observa- 
t i o n  res iduals i n  terms o f  observer and s a t e l l i t e s  coordinate errors; 
(3) se lec t  from the data ava i lab le  those which can be put  i n t o  s imul tanei ty  
sets; (4) using known and assumed s t a t i s t i c a l  propert ies o f  the observa- 
t ions, solve the equations of (2)  using the data of (4). 
Since the method i s  geometric and involves coordinates of ear th 
surface po in ts  - and o f  po in ts  i n  " i n e r t i a l  " space, transformation between 
coordinate systems occur; frequently.  The systems used and t h e i r  i n t e r -  
r e l a t i o n  are described i n  4.12 and 4.13 respect ively. 
4.12 Coordinate Systems 
The op t i ca l  observations a f t e r  preprocessing (sect ion 3.22) are 
assumed t o  be i n  the t rue  topocentr ic c e l e s t i a l  system, whi le the 
preprocessed topocentr ic ranging data i s  independent o f  the coordinate 
system used. 
Two d i s t i n c t  types of coordinate systems have been used here: 
(a) the t e r r e s t r i a l  (average and instantaneous) system, 
(b) the c e l e s t i a l  ( t rue )  system. 
The fo l lowing sumnary o f  these systems assumes right-handed rectangular 
coordinates w i t h  axes numbered according t o  Fig. 4.1-1. General l y  the 
o r i g i n  of the coordinate system coincides wi th  or  i s  near t o  the center 
o f  grav i ty  o f  the earth. 
( 1  1 
Fig. 4.1-1 Numbering of coordinate axes. 
Average Terrest r ia l  (X )  
I -  ) 3-axis directed toward the average north t e r r e s t r i a l  pole as 
defined by the Internat ional  Polar Motion Service (IPM5), 
comnonly known as the Conventional Internat ional  Or ig in (CIO) 
[Muel'er, 1969, p. 3511. 
(b) 1-3 plane para l le l  t o  the mean Greenwich astronomic meridian as 
defined by the Bureau International de 1 'Heure (BIH) [Muel l e r ,  
1969, p. 3431. 
This system i s  the geodetic ( t e r res t r i a l )  coordinate system l a t e r  also 
referred t o  as the u,v,w system. 
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Instantaneous Ter res t r i a l  (Y  1 
(a) 3-axis d i rected toward the instantaneous r o t a t i o n  ax is  nf the 
ear th  ( t rue  c e l e s t i a l  pole),  the coordinates o f  which are given 
by the IPMS o r  by the B I H  w i t h  respect t o  the CIO.  
(b) 1-3 plane contains the po in t  where the mean Greenwich astronomic 
meridian in tersec ts  the t rue  equator o f  date. 
This coordinate system i s  used as the intermediate connection between the 
t e r r e s t r i a l  and c e l e s t i a l  coordinate sys terns. 
True Celest ia l  (21 
(a) 3-axis equivalent t o  3-axis of instantaneous t e r r e s t r i a l  system 
( t r u e  c e l e s t i a l  pole).  
(b) 1-axis d i rected toward the t rue  vernal equinox o f  date. 
These and s t i l l  other coordinate systems are discussed i n  d e t a i l  i n  
[Veis, 1963 ; Mueller, 1969]. 
4.13 Transformations o f  Coordinate Systems 
Transformation between t e r r e s t r i a l  and c e l e s t i a l  coordinate systems 
becomes necessary i n  the case t h a t  topocentric d i rec t ions  t o  s a t e l l i t e s  are 
obtained by photographing the s a t e l l i t e  against a background o f  stars. 
After correct ions f o r  the physical e f fec ts  such as d i f f e r e n t i a l  r e f r a c t i o n  
and aberration, shimner, etc. [Muel l e r ,  1964, pp. 309-317; Hotter, 19671 
have been applied, the r e s u l t i n g  topocentric r i g h t  ascension and decl i na t i on  
form the purely geometric ground-to-sate1 1 i t e  d i rect ion.  I n  terms of tne 
-b 
corresponding d i rec t i on  cosines, Z can be expressed by the column vector 
-+ 
I n  order t o  transform Z from the c e l e s t i a l  t o  the average t e r r e s t r i a l  
system ( i n  which the mathematical model f o r  the adjustment i s  expressed), 
ro ta t i ons  about the coordinate axes are required. 
Z 3 1 Y 3  
Fiq. 4.1-2 True c e l e s t i a l  and instantaneous t e r r e s t r i a l  coordinate 
systems. 
Transformation i s  f i r s t  made i n t o  the instantaneous t e r r z s t r i a l  system 
(see Fig. 4.1-2). This transformation i s  a funct ion of a s ina le  f i n i t e  
+ 
r o t a t i o n  throuqh the Greenwich apparent sidereal t ime (GAST). 4 vector Z 
i n  the t r u e  c e l e s t i a l  :.ys.-m i s  transformed i n t o  the instantaneous t e r r e s t r i a l  
system by the fo l lowing equation: 
-b -+ 
Y = R, (GAST) Z 
-+ 
where Y i s  the r e s u l t i n g  vector i n  the instantaneous t e r r e s t r i a l  system 
and Rg (GAST) i s  a 3 x 3 mat r ix  t h a t  expresses a counterclockwise ro ta t ion ,  
as viewed from the p o s i t i v e  end o f  the 3 axis,  by the amount GAST, namely: 
I cos (GAST) sin (GAST) R3 (GAST) = -sin(GAST) cos(GAST) O 1 4.1 - 3 0 0 J 
Next the vector ? in the instantaneous terrestrial system (Y) is trans- 
formed to the average terrestrial (X) system (see F i g .  4.1-3). This trans- 
formation i s  a function of two rotations through the x and y coordinates of 
the instant~neous terrestrial pole. 
Y (WEST) 
X 
( SOUTH ) GREENWICH '3 
Fig. 4.1-3 Instantaneous snd averase terrestrial coordfnate systems. 
where i s  the r e s u l t i n g  vector i n  the average t e r r e s t r i a l  coordinate 
system; RI ( -y)  and R2(-x) are 1-axis and 2-axis ro ta t i ons  through -y and 
-x. Since the x and y values are d i f f e r e n t i a l l y  small, the f i n i t e  ro ta t i ons  
may be replaced by d i f f e r e n t i a l  ro ta t i ons  and equation 4.1 - 4 i s  reduced t o  
by om i t t i ng  the products o f  x and y. Thus the transformation from the t rue  
c e l e s t i a l  t o  the average t e r r e s t r i a l  coordinate system i s  achieved by com- 
b in ing  the ro ta t i ons  expressed i n  equations 4.1 - 2 and 4.1 - 4, namely: 
and a f t e r  considering equation 4.1 - 5, the matr ix  form i s  
where 
The quant i t ies  x, y and GAST i n  the above equation are obtained as 
described i n  [Mueller, 1969, pp. 80, 153, 3371. 
* 
cos (GAST) sin(GAST) x 
-sin(GAST) cos(GAST) -y  
-x cos (GAST)-y sin(GAST) -x s i  n(GAST)+y cos (GAST) 1 
4.1 - 8 
4.2 The D i rec t ion  Adjustment 
4.21 Uncorrelated Events 1861 
4.21 1 The Mathematical Model. 
The adjustment method i s  by l e a s t  squares, where the parameters are 
the three-dimensional rectangular coordinates o f  the ground s ta t ions  and 
sate1 1 i t e  posit ions,* wh i le  the observabl es are the topocentr ic range,* 
and topocentr ic decl i nat ion and r i g h t  ascension of the sate1 1 i te. 
The ma thematical s t ruc ture  r e l a t i n g  the parameters and the observables 
i s  a funct ion o f  three vectors. The three vectors as depicted i n  Fig. 4.2-1 
are ( the arrow over the symbol w i l l  be reserved f o r  those vectors which 
have a f i n i t e  magnitude as opposed to, say, vectors containing d i f f e ren t i a l  
cor rec t ions)  : 
-b (1 ) Xi, the coordinate-system-origin t o  around s t a t i o n  vector, 
(2) i . ,  the coordinate-system-origin t o  s a t e l l i t e  pos i t i on  vector, 
J 
(3) iij, the ground s t a t i o n  i t o  s a t e l l i t e  p o s i t i o n  j vector. 
Thus 
where 
*Needed i n  the a lgebraic  der iva t ion  but, i n  fact ,  i n  the numerical computa- 
t ion,  they are e i t h e r  no t  needed, o r  obtained t o  a s u f f i c i e n t  accuracy 
from the observed quant i t ies.  





Fig. 4.2-1 The adjustment coordinate system. 
i s  a vector composed of the rectangular coordinates o f  an a r b i t r a r y  
s a t e l l i t e  posit ion; 
i s  a vector composed of the rectangular coordinates of an a r b i t r a r y  
ground stat ion;  
rij, "j, aij being the topocentr ic range, t rue  d e c l i n a t i l n  and r i g h t  ascension 
from i t o  j, respect ively,  whi le  S i s  the matr ix  which transforms the vector 
from the t rue  c e l e s t i a l  t o  the average t e r r e s t r i a l  coordinate system! 
(sect ion 4.13). 
The point-by-point build-up o f  the network can be v isua l ized i~ the 
+ ~ * - + 
fo l lowing way. Given the components o f  the vectors Xi and Xi j, X j  i s  
computed. Then w i t h  t h i s  pos i t i on  j as known, and a known vector from an 
unknown k s t a t i o n  t o  j, the coordinates o f  the unknown s t a t i o n  ik are computed 
(see Fig. 4.2-1 ). This i s  extended t o  inc lude many unknown and knowq stat ions, 
along w i t h  many redundant observations thereby necessi t a t i n q  an adjustment. 
S t r i c t l y  speaking, gure op t i ca l  o r  range data does not  permit  such a 
procedure t o  be 1 i t e r a l  l y  followed; howetler, the adjustment frdmework (a 
form of c o l l  i nea r i  t y )  remains appl icable. 
The mathematical s t ruc ture  (equation 4.2 - 2) i s  l inear ized by a 
Taylor ser ies expansion about the pre l iminary values o f  the ground s ta t ions  
and sate1 1 i t e  posi t ions,  and the observed topocentr ic values o f  the range, 
dec l ina t ion  and r i g h t  ascension. The r e s u l t  i s  the fo l low in9 matr ix  
equation 
A X t B V t W  = 0 
which represents the general 1 i nea r i  zed mathematical model . 
Ic t h i s  equation, t t e  design mat r ix  A i s  composed of submatrices o f  the form 
and the unknown X vector i s  composed of subvectors of the form 
2Fi 
A , .  = -* -+ 
1 J  "..ax J i 
where 
- 1  0 0 j - 1  0 0 1  
I 
= o  1 0 j o  -1 0 = [ + I & - 1 3 1  I 4.2 - 6 
.O 0 1 j 0  0 - 1 J  
are correct ions t o  the pre l iminary values o f  the sate1 1 i t e  pos i t ions  and 
ground s ta t ions  respect ively.  The design matri:: B i s  composed o f  3 x 3 
where S i s  def ined by equation 4.1 - 8; R and R are r o t a t i o n  matrices. 
3 2 
submatrices o f  the form 
The mat r ix  
aF.. 
B.. = 1 J =S%(-a i j )  R,(-9C0+aij) 





G ri j 0 




0 -cosa.. 1J 
0 0 -1 
L 
IS omitted frm the expression fo r  Bi s ince i t  i s  m u l t i p l i e d  i n t o  the 
vector o f  res iduals V composed o f  the subvectors 
These are the residuals o f  the adjustment i n  u n i t s  o f  meters (&aij and &CI i j
are i n  radians). Observe t h a t  6!i i s  measured on the c i r c l e  of radius r i  j. 
whi le S l i j  i s  measured on the c i r c l e  o f  radius o f  ri cosS . -. 
1 J 
Final ly ,  the miscl asure vector W i s  composed o f  the subvectors 
where "0" designates "evaluated a t  p re l  iminary values" and "b" designates 
"evaluated a t  observed values." 
4.21 2 Ueighting o f  Observations . 
The observed quant i t ies  i n  the op t i ca l  ciise are considered as the 
topocentr: c decl ina t ions  ( 6 )  and r i g h t  ascensions ( n )  . The corresponding 
accuracy estimates resu l t i ng  from a photographic p la te  adjustment o r  
some cther  a p r i o r i  estimate are n 2  and n ? ,  the variances, and o = a , 
6 r( cr6 6a 
the covariance. A l l  u n i t s  are arc seconds squared. 
It i s  important t o  note t h a t  the weighting o f  the decl inat ions and 
r i g h t  ascensions i s  made on the basis o f  the estimates o f  variances of 
6 and a obtained from the p la te  adjustments and tha t  i t  i s  assumed tha t  the 
variance of 6 and a do not vary according t o  the distance o f  the s a t e l l i t e  
from the par t i cu la r  observing ground station. 
On the other hand, the weighted sum o f  squares o f  the residuals i s  
conveniently chosen t o  have un i t s  of arc seconds squared; thus the weights 
are t o  have un i t s  of (arc set)' n'2 since the un i t s  o f  the residuals have 
been st ipulated (equation 4.2 - 11) t o  be meters. Therefore, i t  i s  necessary 
2 2 t o  transform u6, , and u~~ i n t o  l i near  un i t s  (meters) by the follow'ng 
where r i s  the approximate topocentric range and 
1 
P" = - 
s i n  1'' 
With th? estimated accuracy i n  l i near  un i t s  the fo l lowing variance- 
covariance matr ix i s  formulated: 
- 





,diagonal r 1 
where the new quant i t ies nf ,  06r, and ,T, are the variance of the range, 
covariance between the decl ina t i o n  and ranqe, and the covariance between 
the r i g h t  ascension and range respectively. I f  the correlat ion ->ef f ic ients 
and 
the weight matr ix f o r  a s ingle d i rec t ion i s  
L 
where oo i s  the a p r i o r i  variance o f  u n i t  weight. 
Corresponding t o  Pij, P denotes the weight matrix f o r  the cbserved 
topocentric d i rect ions o f  the adjustment. P has the character ist ic  of 
containing non-zero 3 x 3 matrices only alonq the diagonal since the 
indiv idual  d i rect ions are assumed t o  be independent. 
The topocentric range i s  needed i n  equations 4.2 - 13 t o  4.2 - 15 t o  
convert the estimated accuracy of the direct ions from arc un i ts  i n t o  l inear  
(meters) units. Four s i qn i f  icant  f iqures are required i n  the topocentric 
range. Equation 4.2 - 13 shows that  the range need have no more s ian i f i can t  
11 I1 
f igures than n6 o r  om. 
The topocentric range from an a rb i t ra ry  ground s ta t ion i i n  a given 
simultaneous event j i s  computed from 
0 0 0  i = 1, 2, .... a (number o f  stat ions i n  tee event). ui, vi, w i  are the 
preliminary rectangular coordinates o f  the ith ground s ta t ion and are 
computed from 
#, a, H, N, being the geodetic l a t i t ude  and longitude, the e l l i pso ida l  
f = 
1 
height, and prime ver t i ca l  radius o f  curvature a t  point  i, respectively, 
0 0 0  
while e i s  the eccent r ic i ty  of L I I ~  reference e l l ipso id .  J 
t h  
are 





are computed (note that  these are needed only for the purpose of get t ing 
(N+H) cos 6 cos A 
= (N+H)~~o  s i n a  
LN(1-e ) + HI sin  t I I 
the approximate t ~ p o c e n t r i c  range) as follows: 
-t (1) The ground vector Xik between the f i r s t  two stat ions l i s t e d  i n  the 
w r t i c u l a r  simultaneous event 
-+ 
(2) The u ~ i t  vector (d i rect ion) Xij f r o m  the oround s ta t ion i to  the 
s a t e l l i t e  posi t ion j i s  computed from 
where S i s  the transformation matr ix o f  the t rue ce les t ia l  t o  the 
-L 
Xij = 
average t e r res t r i a l  coordinate systems (section 4.13). 
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* - 
COS 6. cOS a 
1 j i j 
COS 6.. s in  aij 
1 J 
sSn 6. 
- 1 j - 
-)r 
(3) I n  the same way the d i rec t i on  X i s  computed. k j 
(4)  The angle A k  a t  ground s ta t i on  k i s  computed from 
(5) The angle A. a t  the s a t e l l i t e  pos i t i on  i s  computed from 3 
A -L 
xji ' Xjk 
cos A = + 
- 
(6)  F ina l ly ,  the s a t e l l i t e  p s i t i o n  vector i; t o  be used i n  equation 
4.2 - 17 i s  computed from (see Fie. 4.2-1) 
where 
+ s i n  Ak 
r * .  




GROUND STATIONS k 
TERRAIN 
Fig. 4.2-2 The approximate s a t e l l i t e  vector. 
4.213 The Normal Equations . 
The normal equations are derived by minimizing the quadratic form 
V 'PV + X 8 P X X  
subject t o  the re la t ion  (equation 4.2 - 5) 
Upon introduction o f  Lagrange mu l t ip l i e rs  K, the var ia t ion function i s  
@ V 'PV + XSPxX - 2K0(AX + BV + W )  4.2 -25 
where 
V i s  the vector o f  residuals corresponding t o  the n' s and 6's 
X i s  the vector o f  correct ions t o  the prel iminary ground and 
s a t e l l i t e  positions 
P i s  the weight matrix f o r  the a ' s  and 6's 
Px i s  the weight matrix f o r  the ground and s a t e l l i t e  posit ions 
As described i n  section 4.211 A and B are the desiqn matrices 
and W i s  the constant vector. 
Upon the d i f ferent ia t ion of equation 4.2 - 25 for  the minimum 
condition [Uotila, 1967, p. 811, the expanded form of the normal equations 
becomes 
By a row and column transformation, the residual vector V i s  
e l  iminated and the normal equations become 
Next, the corre lates are e l  iminated resul t i n q  i n  
[ A ~ ( B P - ~ B ~  )-'A + PJX + ~ ~ ( n r - 1 ~ 1  )- lw = o ' . 3  - 20 
The fol lowing sumnation form of the non-zero 3 x 3 submztrices of the 
above equation i s  found by replac ing the A, B, and P matrices w i th  t h e i r  
expanded forms i n  terns o f  3 x 3 submatrices (equations 4.2 - 6, 4.2 - 10, 
and 4.2 -16 ):  
where the non-zero 3 x 3 submatrices occur only on the diagonal and those 
i j  3 x 3 posi t ions corresponding t o  a ground-to-sate l l i te  observation; 1 
i 
indicates a sumnation over a1 1 ground s ta t ions  observing s a t e l l i t e  pos i t i on  
j; 1 indicates a summation over a1 1 sate1 1 i t e  p o s i t i d r : ~  ck;t!.ved from 
j 
ground s ta t i on  i. A l l  summations contain on ly  3 ; '- arll!or 3 x 1 matrices. 
El iminat ion o f  X the correct ions t o  the  sat61 I l t c  posit ions, from 3 ' 
the above y ie lds  the fol lowing reduced -- normal equations: 
N X  + U  = 0 4.2 - 30 
i n  which the X vector w i l l  always represent the unknown correct ions t o  the 
prel iminary rectangular coordinates o f  the qround stat ions only; U i s  the 
constant vector; N i s  the c o e f f l c i e n t  matr ix.  
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The c o e f f i c i e n t  matr ix  N i s  m ~ d e  up of 3 x 3 matrices. By l e t t i n g  
i n  equation 4.2 - 29 , the expression f o r  the 3 x 3 diagonal matr ix  corres- 
ponding t o  the kth ground s ta t i on  i s  given by [~ rak iwsky  and Pope. 19671 
- 1 
- 1 ( M -  M - ~  1 + Pk Nkk = F Mkj - 5 {Mkj I 1J k j 4.2 -33 J 
Note the weight, Pj, fo r  the jth s a t e l l i t e  pos i t i on  has been dropped i n  
the second term of the above equation. The expression f o r  the off-diagonal 
3 x 3 mdtr ix  corresponding t o  the kth and the tth ground s ta t ions  i s  
where the summation c i s  performed over a1 1 sate1 1 i t e  events observed 
J 
simultaneously from both ground stat ions k and e .  
The constant vector o f  the normal equations (equation 4.2 -30  ) i s  
made up of 3 x 1 vectors corresponding t o  each ground s ta t ion .  The vector 
U, for the kth ground s ta t i on  i s  given by 
where, according t o  equation 4.2 - 1 L , 
- - - L o - %  
= X ' - X  - X  4.2 -37 
'kj J k k j  
A t  f i r s t  s igh t  i t  seems t h a t  the prel iminary coordinates o f  each s a t e l l i t e  
pos i t i on  are required; however, subs t i t u t i on  of equations 4.2 - 36 and 
4.2 - 37 i n t a  equation 4.2 - 35 resu l t s  i n  the cancel l a t i o n  o r  dropping 
33 'b -+b out  of terms containing X .  and the observed vector Xij o r  X k j  Spec i f i ca l ly ,  J 
+ 
Terns 1 and 4 i n  the above expression cancel (i. e., sate1 1 i te  coordinates 
.J 
+o drop out) because Xi can be factored out of t i n  term 4, i .e., 
which has an opposite sign tu  that  of tenn 1. Terms 3 and 6 drop out 
because they are iden t i ca l l y  zero. This haooens because both terms contain 
products 1 i ke 
-1 +b B. .  X . .  or B- 1 i b  
1J i J  k j  k j  
where (taking i n t o  consideration the orthoaonal i t y  property of the rota-  
t i o n  matrices and S) 
and af ter  elementary matrix operations we have 
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Since i n  the op t i ca l  adjustment, P,; has t i ie form 
ar.d using 4.2 - 32 
-1 'b M.. xij = 0 
1J 
the f i n a l  expression fo r  the constant column becomes 
I n  summary, the normal equations i n  the op t i ca l  adjustment are 
formed by equations 4.2 - 33, 4.2 - 36, and 4.2 - 42. 
4.22 Correlated Events [I931 
4.221 The Mathematical Model . 
The theory and the mathematical model fo r  a generalized l e a s t  squares 
adjustment fo r  simultaneous d i rec t ions  without co r re la t i on  has been 
described (sect ion 4.21 ). I n  t h a t  case each simultaneously observed 
s a t e l l i t e  image was taken as an independent event, thus the co r re la t i on  
between s a t e l l i t e  d i rec t ions  on the same p la te  was not  considered. The 
fol lowing i s  a descr ip t ion  o f  how the mathematical model i s  manipulated t o  
take care of possible cor re la t ions  between di rect ions,  such as i n  the case 
of the NGS BC-4 Type I 1  data, where each given event consists o f  7 f i c t i t i o u s  
d i rec t ions  (Greenwich hour angle h and dec l ina t ion  6 r e l a t i v e  t o  the 1900- 
1905 C I O  mean pole) per s t a t i o n  and the f u l l  14 x 14 variance-covariance 
matr ix associated w i t h  the set. 
The basic qeometric f i q u r e  t o  beqin the mathematical development i s  
tha t  of a s inq le  q r ~ u n d  s t a t i o n  observinq one s a t e l l i t e  pos i t i on  shown i n  
Fiq. 4.2-1. Usinq vector notat ion, the mathematical model as we know can 
be w r i t t e n  
where now m w i l l  i d e n t i f y  a f i c t i t i o u s  s a t e l l i t e  image w i t h i n  the event j, 
i -e . ,  m = 1, 2 ... m (general ly  4 s m < 7). 
X X 
-+ 
The vector X . .  w i t h  t h i s  type o f  data takes the form 
' Jm 
-r.. cosb.. s i n  h -  . I 
'ij, = I 1.1, 1 J, 1.1, 
I 
The l inear ized mathematical model can he w r i t t e n  as fo l lows 
Since a l l  the observations from one s t a t i o n  t o  a l l  f i c t i t i o u s  s a t e l l i t e  
d i rec t i ons  on a aiven p l a t e  are correlated, i t  i s  necessary t o  b u i l d  up the 
model using a l l  these s a t e l l i t e  d i rec t ions .  Thus the design matr ix  A i s  
d iv ided i n  submatrices o f  the form 
and the design matr ix  B i s  of the form: 
A f t e r  minimizing Y ' P V  under the cond i t ion  4.2 - 45, the vector of 
Lagrangian mu1 t i p 1  i e r s  can be expressed as 
-1 -1 K = -(RP B ' )  (AIXj +ApX i  + W )  
and the normal equations w i l l  take the form: 
- 1 -1 
A; (BP B8)Al 
- 1 -1 = 0 4.2 - 49 
A;(BP B ' ) A ~  
4.223 The Wei4hting Technique Using the F u l l  Variance-Covariance 
Mz t r i x  o f  the Observed Quant i t ies.  
Before proceedino fur ther ,  i t  i s  necessary .Lo expla in how the above 
equ3tions (4.2 - 48) are a c t u a l l y  solved. For a p a r t i c u l a r  s t a t i o n  i and 
event j, the B mat r ix  i s  dimensioned (21 x 21) ,  but  the o r i g i n a l  oiven P-' 
matr ix  i s  (14 x 14). The P-I matr ix  refers on ly  t o  t h  actual observed 
quant i t ies  which are the Greenwich hour anqle (h) and the decl inat ions (6) 
and therefore i t  has t o  be modified before i t  i s  substittA:?d i n  equation 
4.2 - 48. The easiest way t o  expla in t h i s  i s  t o  look on.1,:; a t  tha t  p a r t  of 
Bi t h a t  corresponds t o  observations on the f i r s t  s a t e l l i t e  w s i t i o n  only:  
The matr ix  P1 (not P;' ) would have t o  be of the form 
and fo r  a s ingle s a t e l l i t e  imaqe using 6.2 - 16 we can w r i t e  
What i s  r e a l l y  needed i s  (B~P;'B~)-', but R P"B' i s  singular.  However, 1 1  1 
-1 -1 the matr ix  8, i s  square and nonsingular. Knowing th is ,  (BIP1 B i )  can 
be rearranged as follows: 
where P i s  defined by equation 4.2 - 52. 1 
The preceding descr.iption appl ies t o  the case of one s a t e l l i t e  
pos i t ion  j For the seven s a t e l l i t e  pos i t ions  the dimension o f  the 1' 
P-' matr ix  i s  (14 x 14). The matr ix  P i n  equation r.2 - 53 has t o  be 1 
of dimensions (21 x 21) and o f  the form of equation 4.2 - 52. The 
matr ix  P f o r  the BC-4 observations can be w r i t t e n  as io l l cws:  i j 
i t h  P defined considering 4.2 - 55, the matr ix M-'  can be forined using 
he technique shown i n  equation 4.2 - 53. 
H-l = (B  p-lBa j1 (B-' ) l P  B-l 4.2 - 56 
Now the (21 x 21) version o f  equation 4.2 - 52 w i l l  be 
- - 
0 
- - - 
- 
'1,l 92  ' 1 9 3  '194 O * . .  1 1  '1914 c) 
- 0 - - - - 
'292 v2,3 '2,. . ' '2.13 '2914 0 
4.223 The Reduced Normal Equations. 
P . .  = 
1J 
(21x21) 
Equation 4.2 - 49 can be referred t o  as the conventional normal equation, 
0 0 0 0 0 0 ... 0 0 0 
-. - - - - 
' 1 3 ~ 1  '1392 6 W13,3 ' "1394 0 ... ' 1 3 9 1 3  Y - 1 3 9 1 4  ' 
- - - 0 - - 
'143 1 '1492 '1493 '1494 O " '  '14913  '14914 ' 
0 0 0 0 0 0 ... Q 0 0 
J. 
where the s a t e l l i t e  pos i t ion  X .  i s  among the parameters. Since the s a t e l l i t e  J 
posl t ion i s  o f  no interest ,  i t  i s  eliminated from the so lu t im .  This i s  
done by solving f o r  X j  i n  terms o f  ti., other parameters and subst i tu t inq t h i s  
i n t o  the remaining equations. Af ter  e l iminat ion o f  X j  from 4.2 - 49, we w i l l  
obtain the reduced normal equations. The (3 x 3) and (3 x 1 ) block elements 
of  the coe f f i c i en t  m ~ t r i x  and constant vector respect ive ly  can be obtained 
by expressions s im i la r  t o  equations 4.2 - 33, 4.2 - 34 and 4.2 - 35. The 
only difference being tha t  now the term Pk i n  equation 4.2 - 33 w i l l  d r ~ ~  
out because now we are only minimizing V 'PV.  
4.3 The Ranqe A d j u s t  C86, 1401 
4.31 The Mathematicit? Yo,Ae! 
Fig. 4.3-1 shows the average t e r r e s t r i a l  coordinate s y s t m  uvw (sect ion 
4.12) w i th  a ground s ta t i on  i and a s a t e l l i t e  pos i t ion  j. The observed 
quant i ty  i s  t1.e topocentt-ic range r from ground s t z t i o n  i t o  s a t e l l i t e  i j  
pos i t ion  j. Tne parameters u;, vi, wi a ~ d  u v w . are 'ihe Cartesian 
, i '  j' J 
coordinates of the ground s ta t i on  i and the s a t e l l i t e  pos i t i on  j respect ively. 
From Fig. 4.5-1 i t  can eas i l y  be seen tha t  the mathematical model can 
be wr i t t en  as 
The basic mathematical m d e l  above i s  extended t o  include simultaneous 
ranges from three o r  more ground statior.;. 3y i n c r e a s i ~ g  the number o f  
simultaneous events along wi th  the numbzr of know;, and unknown ground 
stations, an adjustment i s  necessary. 
The mthematica, model (equation 4.3 - 2) i s  l i nea r i zed  by a Taylor 
series expans ;oc about the p r e l i ~ i n a r y  values of the ground s ta t ions  and 
s a t e l l i t e  :.-;itions and the observed value of the topocentr ic range. The 
expression f o r  the l inear ized mathematical model as i n  the op t i ca l  case has 
the form 
A X + B V + W  = 9 
Fiq. 4.3-1 The uvw coordinate system. 
where now the design matr ix  B i s  a negative u n i t  matr ix  and the design 
matr ix  A i s  formed by submatricer of the form 
- 
= [aij ' ;-a I i j  4.3 - 4 
where ryj i s  computed fia 4.3 - 1 usisq the i r . i t i a 1  approximate values for  
the s t a t ,  ,II~ sat,ll i t e  coordinates, the 1 a tes t  coordinates r e s u l t i n g  
from a pre l iminary l eas t  squares adjustment (For each event j) w i t h  the 
coobscrving s ta t ions  he1 d f ixed. 




The mis-,losure vector W i s  fonned by the indiw i i r~ ia l  differences 
0 
Yi = r i j (computed) - rpj (observed) 4.3 - 8 
The residub I vector V i s  composed o f  the inr l iv idual res id l~a ls  Vi ( i n  meters) 
b 
corresponding t o  the observed ranges ri j. 
Givinp consideration t o  the character ist ic  o f  the desian matrices, the 
f i n a l  equation f o r  the 1 inear i  zed model i n  the ranae adjustment can be 
wr i t ten as 
A X - V + Y  = 0 
4.32 Weighting o f  Observed Ranges 
The weighting o f  the obser*~ed topocentric range from ground s ta t ion 
t o  s a t e l l i t e  posi t ion j i s  achieved by the followinq: 
where U: i s  the variance o f  u n i t  weioht and a?. i s  the variance o f  the 
1 I 
observed range i n  meters squared. P w i l l  denote the diaqonal weight 
matr ix containinq a l l  the independent weiqhts f t o  be considered i n  i ,i
the ad: ustment. 
4.33 The Normal Equations 
The v3r ia t ion function for  the ranqe adjustment i s  s i ~ n i l a r  t o  the 
opt ical  case, namely, 
Y = V ' P V  + X8PxX - 2K8(AX - V +  W )  4.3 - 11 
where 
V i s  the vector of residuals correspondino t o  the ranqe obseriations 
X i s  the vector of corr?ct ions t o  the preliminary ground and s a t e l l i t e  
positions* 
P i s  the weight matr ix for the r3ngcs 
P, i s  the weight matr ix for  the qround and s a t e l l i t e  posit ions 
K i s  the vector o f  correlates 
The d i f f e ren t i a t i on  of equation 4.3 - 11 f o r  the minimum condit ion 
resu l ts  i n  the fol lowinq expanded form of the normal equations: 
After the e l  imination of the correlates and residuals and the exphnsion 
o f  the A and P matrices, the followinq expression resu l ts  
*As i n  the case o f  the opt ical  adjustment, s a t e l l i t e  posit ions w i l l  be 
considered "nuisance" parametcrs and therefore eliminated from the 
solution. 
7 6 
E l  iminat ion o f  the correct ions t o  the pt-el iminary coordinates o f  the 
s a t e l l i t ?  posit ion, namely X -  from equation 4.3 - 13, resu l t s  i n  the follow- J 
i nn  three expressions: The 3 x 3 d i a a ~ n a l  matr ix  correspondinq t o  the k t h  
ground s ta t i on  i s  qiven by 
- 1 
Nkk = ( E  a' .p .a .) - r {a '  p a ( a' p a )  a' .p .a . I  + Pk j kJ k~ kJ j k j  k j  k j  i j  i j  i j  k~ kJ k~ 4.3 - 14 
The 3 x 3 off-diagonal matr ix  corresponding t o  the kth and the r t h 
ground stat ions i s  qiven by 
-1 
Nkn = - E {a'  .p .a .(I a! .p. .a. .) a'  .p .a . I  j k~ k.~ kJ i 1J 1J 1J PJ RJ E J  
where the main summation i s  performed over a l l  s a t e l l i t e  posi t ions j 
observed simultaneously from both ground s ta t ions  k and e ;  the  constant 
vector o f  the kth ground s ta t i on  i s  
- 1 
Uk = -(': a' .p .U .) + I f a '  .p .a .(r a! .p. .a. .) L a'. .p. -bJ. . I  k~ k~ kJ j k.1 k.1 kJ i 1J 1J 11 i 1J 1.1 1J 4.3 - 16 j 
I n  the above expressions, the weiqht matr ix  P .  o f  each s a t e l l i t e  pos i t i on  
.I 
was set  equal t o  zero as there i s  no indepe:.dent external source from 
which t o  qet a p r i o r i  variance est ivates which could be used t o  derive 
weiqhts. 
The e q u i v a l r t ~ t  expression f o r  the constant column Uk can be shown 
t o  have the fo l lowing form: 
where G i s  the residual o f  the par t icu lar  observed ranae r ar is ing k j k.j 
from a least squares adjustment o f  one simultaneous event w i th  qround 
stat ions held f ixed.  
The quanti t ies akj and Vu needed i n  the fornation o f  the reduced 
normal equations (equations 4.3 - 14, 4.3 - 15 and 4.3 - 17) are a side 
product of the preliminary adjustmeqt o f  each simultaneous event. 
Specif ical ly, a i s  contained i n  the A matr ix  given by equation 3.2  - 3, k j 
and V i s  an element o f  the vector o f  equation 3.2 - 5. k j 
4.4 Addition o f  Normal Equations 
Independent sets o f  normal equations fosmed from two o r  more batches of 
opt ica l  and/or range data can be added together. The basic idea o f  the com- 
binat ion o f  the ncmal equations i s  simply the algebraic addit ion o f  t h e i r  
correspon ing terms. Let t ing n sets o f  normal equations be represented by 
NnX + Un = 0 
and t h e i r  corresponding variances o f  u n i t  weiqht as u 2 J ~ ,  2 . . . , 0%; the 
addit ion i s  




where IT 1 * 'T2'  
.... n2  must have the same a p r i o r i  variance of u n i r  weight 
n 
(see sections 4.212 and 4.32). 
The advantage of  the above i s  obvious, namely, batches o f  observed data 
may be adjusted separately o r  as a p a r t  of a combined adjustment. The same 
holds for  the add i t ion  o f  two o r  more independent sets o f  range normal 
equations and fo r  the add i t ion  o f  op t i ca l  and range normal equations t o  each 
other. 
The weigh:ing o f  the two o r  more d i f f e r e n t  sets o f  normal equations 
(e.g., Nl, Ul, tind N U ) i s  a funct ion of the goodness of the observa- 22' 22 
t i o n s  involved and the geometry e x i s t i n g  between the unknown parameters and 
the respect ive observables. The f i r s t  i tem i s  taken care o f  by prooer 
weighting as a func t ion  o f  the  estimated variance-covariance matr ix  of the 
observations, and t h i s  weighting i s  re f l ec ted  i n  the quant i t ies  NI1, N Z p ,  
"119 and UZ2. The geometry aspect i s  i m p l i c i t  i n  the coe f f i c i en t  matr ices 
A and B which e ~ ~ t e r  i n t o  Nl1. and so fo r th .  
4.5 Constraints '  Contr ibl l i ions t o  the Normal Equations [86, 140, 1481 
4.51 General 
Since the coef f ic ient  mat r ix  o f  normal equations i s  singular,  a unique 
l e a s t  squares solrr t ion i s  no t  possible. A minimal set  o f  constra ints  t o  the 
normal equations provides a unique so lu t ion  [Blaha, 19711. 
Twc! a l t e r n a t i v e  d e f i n i t i o n s  e x i s t  fo r  the term "constraints:" the 
absolute constra ints  represent c e r t a i n  condit ions which have t o  be f u l f i l  l e d  
exact ly  and w i t h  no tincertai n t ies .  The r e l a t i v e  constra ints  (or  weighted 
cons t ra in ts )  have the same charac ter is t i cs  as the observations. 
I n  general the contribution o f  the funct ional  cons t ra in t  equation 
t o  th2 reduced normal equations + 0 = O can be found by borderinq the 
normal equation matr ix  
where 
k f t e r  e l im ina t ion  o f  K C 
It i s  easy t o  f i n d  
C C 
where N and U are the contr ibut ions t o  the coe f f i c i en t  n a t r i x  and constant 
vector o f  the normal equation due t o  the app l ica t ion  o f  constra ints .  The 
quant i t ies  N and represent the o r i g i n a l  normal equations (wi thout  
constra ints) .  
After the constra ints  are added the normal equations w i l l  tak? the 
usual f o m  
and we are i n  the pos i t i on  t o  ob ta in  the cont r ibu t ion  from a new se t  o f  
constra ints .  
Constraints can be appl ied between two s ta t ions  k and E o r  t o  a 
s ing le  s ta t ion .  The cont r ibu t ion  of these constra ints  t o  the mat r ix  
(3  x 3 blocks) and U (3 x 1 blocks) can be schematically expressed ir, 
two d i f f e r e n t  ways. 
80 
Contribution t o  the normals due t o  the 
s ta t ion k 
constra int  appl i ed  t o  
uF 
(b) Contribution t o  the normals due t o  the constra int  between stat ions 
k and k 
Thess blocks obtained as i r  "cated a b ~ v e  f o r  the corresponding c*se 
w i l l  be the onlJ ones computed and added ,o the o r ig ina l  normal equ-tions 
as expre3s. .t by formula 4.5 - 1. 
4.52 Relat ive Pos i t ion  Constraints 
Relat ive pos i t i on  constra ints  are used i n  order t o  combine the noma! 
equations obtained from various satel  1  i t e  nets and t o  constra in "double" 
s ta t ions  o r  c lose ly  s i tua ted  ::ations of the same net. The expression 
f o r  the combination a f  normals can bc wr i t t en  as fo l lows.  
R R 
where N and U , computed from 4.5 - Za, 4.5 - Zb, are the c o ~ t r i b u t i o n  t o  the 
o r i g i n a l  combined nr~rmal equations (Hx + = 0). 
I f  the r e l a t i v e  pos i t i on  (!\uO, AVO,  AW') o f  two s ta t ions  i s  known, 
along w i t h  the standard deviat ion of these r e l a t i v e  posi t ions,  the constra ints  
can be formed. I n  t h i s  case the funct ional cons t ra in t  equations are 
u; - "? = nuS 
II 
v i  - V; = A V O  
W; - W; = AW' 
Therefore 
R h R R 
= 0 ; Ue = O because W = h (X",L:) = 0 
3x 1  L 
where 
and 
Thus, t h r  diagonal elements o f  P are added t o  each element o f  the diagonal R 
of the blocks kk and EP. o f  the coef f i c ien t  mat r ix  of the combined normals W, 
and subtracted from the diagonal elements of the blocks k~ and ~k o f  N. 
There i s  no cont r ibu t ion  t o  the vector u. 
4.53 Length (Chord) Constraints 
Chord constra ints  are introduc2d when scalar in format ion i s  avai 1 able 
between ground s ta t ions  (e. g. , distances determined through h igh prec i s i on  
geodimeter t ravers ing) .  The funct ional  cons t ra in t  equation i n  t h i s  case 
C - u; v; - v; w g  - w;] 




a a p r i o r i  variance o f  u n i t  weight PC = A= 
2 
a variance of the chord k ll 
Then ihe c o n t r i b u t i m  t o  the normals are obtained by applying 4.5 - 2a 
and 4.5 - 2b 
The f i r s t  three expressions i n  the above are added respect ive ly  t o  
- 
the blocks Rkk, Nal and dke o f  P; the l a s t  two expressions are added 
respect ive ly  t o  the constant subvectors ck and 5 of 6. 
4.54 S ta t ion  Pos i t ion  Constraint 
S ta t ion  pos i t i on  cons t ra in t  i s  used f o r  the purpose o f  de f in ing  the 
o r i g i n  of the coordinate system. I f  the s t a t i o n  coordinates (uO,vO,wO) of k k k  
s t a t i o ~  k are t o  be constrained and if the computed (known) variances of 
i t s  approximate coordinates are u2,, u G? then the equations given 'n Uk v;' W E '  
sect ion 4.52 are v a l i d  by merely de le t ing  the terms w i t h  index t ,  then 
nu0 = u i ,  AV' = v i ,  nwO = w i .  Then 
where 
4.55 Height Constr3ints 
If the geodetic ( e l l i p s o i d a l )  height of the s ta t i on  k i s  t o  be 
constrained, then 
where 
C! = [COS 4; COS A;, COS 4; s i n  A[, s i n  
and 
where 4 i  and h i  are the approximate geodetic coordinates and oZ i s  the 
H k  
variance o t  the height  for  s ta t i on  k. 
H The constant vector Uk can be computed from 
where 
4.56 D i rec t iona l  Constraints 
D i rec t iona l  constra ints  are introduced when the o r i en ta t i on  of the 
coordinate system i s  no t  def ined t h r o ~ g h  the observations (e.g., i n  thz 
case o f  a ranging network). 
The d i rect icza;  cons t ra in t  bet,#~e,. i W O  s t a t i o r ~ s  k and a. i s  accomplished 
by applying weights t o  two angles a" and 6' def in ing  the d i r e c t i o n  between 
them and computed from the approximate (uO, vO, w e )  coordinates of the two 
s ta t ions  as fol lows: 
-1 AW" so = tan 
8 5 
where 
hUO = U0 - u0 
k n. 
A V O  = V; - 
", 
and L 
R0 = ( A u O ~  +  AVO^)^ 





6 - - C O ~ 2 p o / R 0  -  
ahwO 
D D 2nd c l e a r l y  C ,  = -Ck. 
Then the ma t r i x  
N~ = (cD)'  PD cD 4 .5  - 4 
i s  formed according t o  4.5 - 23 where P i s  the weight m a t r i x  est imated from D 
the  s t a t i s t i c s  o f  a" and a0 i n  the  customary way 
D The ma t r i x  N i s  then added t o  the b lock elements o f  t he  reduced ,rormal 
equations which correspond t o  each o f  the qround s ta t ions ,  i.e., i t s  
diaqonal blocks w i l l  he added t o  !ikk and dE, and subtracted from the 
off-diagonal elements ql and gEk. 
4.57 Inner Conrtrzints (Free Adjustment) 
Even though the select ion o f  a coordinate system i s  a rb i t ra ry  i n  the 
case of a minimum constraint adjustment, e.g., i n  the case of ranging, tne 
select ion o f  the s i x  coordinates ( a t  more than two stat ions) t o  be con- 
strained i s  very c r i t i c a l ,  since one set o f  constraints would give a 
d i f ferent  solut ion than another set. The "best" solut ion i s  arr ived a t  i n  
a coordinate system defined through the use o f  a set o f  constraint equations 
ca l led "inner" constraints [Rinner e t  a1 . , 19671. I n  t h i s  sense, "best" 
means resu l t ing i n  the snal lest  covariance matr ix f o r  the unknowns. 
Covariance matrices may be compared by means o f  t h e i r  traces, and the 
inner constraint equations are characterized by the property that  the trace 
o f  the covariance matrix obtained wi th  t h e i r  use i s  a minimum among those 
obtained by adjust ing a given set  o f  observations augmented by a minimal 
set o f  constraint equations. This property also implies tha t  the mean 
square uncertainty o f  the unknowns i s  smaller when the inner adjustment 
equations are used. The resu l t i ng  adjustment i s  ca l led a "free" one. The 
functional inner constraints equations can be wr i t ten as 
I C X  = 0 
where X i s  the set o f  corrections o f  the approximate coordinates o f  the 
unknown points and i n  the most general appl icat ion when the "best" or ig in,  
or ientat ion and scale are sought 
The symbol. (uy , vi ,  w;) denote the approximate coordinates of the i th 
anknown po in t  where both the ground points and the s a t e l l i t e  posit ions are 
considered. 
I t  i s  also possible t o  design a set o f  constraints tha t  w i l l  r esu l t  i n  
the "best" solut ion for only a subset o f  the points. I n  the adjuctments 
reported here we were only interested i n  the qround s ta t ion unknowns implying 
that  the trace o f  only that  port ion o f  the covariance matrix corresponding 
t o  the ground s ta t ion unknowns should be minimized, while the variances of 
the s a t e l l i t e  posi t ion unknoki& should not be included i n  the minimum sum. 
The constraint equations that  w i l l  produce such a solut ion have the same 
form as those producing the "best" solut ion f o r  a l l  the points; however, 
I 3 x 3 blocks o f  zeros are inserted i n t o  those posit ions o f  C which corres- 
pond t o  unknowns whose variances are not t o  be included i n  the minimum sum. 
The inner adjustment constraint equations can be given a qeometrical 
in terpreta t ion that  appeals t o  i n t u i t i on .  Let XP denote the set of approxi- 
mate coordinates o f  the i t h  unknown point, dXi denote the corrections t o  
a these coordinates, and Xi denote the adjusted coordinates, i .e., 
I The f i r s t  set o f  constraint equations, CIX = 0, i s  then equivalent t o  the 
set oc conditions 
\ dXi = 0 
1 
The geometrical interpretation o f  these conditions i s  that the center of 
gravity o f  a l l  the points w i l l  not change after adjus~nent, i-e., 
I The second set o f  constraint equations, C2 X  = 0 ,  corresponds t o  the 
conditions 
If the center of the system remains fixed, then the cross products X; x dXi 
re f lec t  rotations of the points around the fixed center. These constraint 
equations insure tnat the sums o f  the rotations around a l l  three coordinate 
axes are zero. The corresponding geometrical interpretation i s  that the 
mean orientation of the system o f  points w i l l  not chdnge after adjustme~t 
either. 
I I 
Thus, the respective equations C-X = 0 a d  C2X = 0 ef fect ive ly  specify 
the or ig in  and the orientation of the adjustment coordinate systm. A 
1 
seventh "inner adjustment" equation C X  = (1 specifies the scale of the 3 
system. However, th is  scale equation i s  only used when the observations 
themselves do not determine the scale. 
A more complete description o f  the inner adjustment i s  described i n  
[Blaha, 19711. 
In summary, i f  the normal equations with the contribution o f  a l l  the 
ronstrai nts (except inner constraints) are represented by 
R C S H D  R C S H O  [ K + N  + N  + N  + N  + N ] x + ~ + + I  + u  + u  + U  + U  = o  4 . 5 - 5  
then the inner adjustment can be obtained by bordering the coeff ic ient 
matrix N  o f  the n o m l  equations as 
Upon the addit ion of any kind of constraint t o  the normal equations, 
i t  becomes necessary t o  consider also i t s  contr ibution to zV' PV. The 
degrees of freedom change as we1 1 . I n  order t o  compute tqe proper variance 
of u n i t  weight the l a t t e r  must be taken i n t o  consideration. 
4.6 Solution o f  Nonnal Equations and Formation 
o f  the Inverse Ueiqht Natr ix I861  
4.61 Introduction 
The normal equations for the opt ical  and range adjustments arz given 
i n  the previous section. The general form of the normal equations i s  
N X + U  = 0 4.6 - 1 
where N i s  the coef f ic ient  matrix, X  i s  the vector o f  unknowns, and U i s  
the cons tan t vector. 
The adjusted values of  the Cartesian coordinates o f  the observing 
ground stat ions are obtained by adding the corrections X  t o  the preliminary 
values XO,  namely, 
xa = x O + x  4.6 - 2 
Section 4.7 deals n i t h  obtaining the precision estimate of xa through 
the inverse matrix N-I. Tor t h i s  reason the method o f  formation of 
N-I w i l l  be deal t  wrth i n  section 4.64 along n i t h  the method of solving 
f o r  X. 
The procedure used t o  solve the normal equations i s  a Gauss reduction 
(section 4.62) ard back solut ion (section 6.63) and computation o f  the 
inverse by the met .dd established by Ranachiewicz (section 4.64). 
Two features which are pecul iar t o  the specif ic procedure used here 
are: 
(1)  The coeff ic ient  matrix N i s  broken down i n t o  3 x 3 submztrices, and 
s im i la r l y  the U vector i s  treated as composed of 3 x 1 vectors. 
(2) The coeff icient matrix N i s  compacted so that  3 x 3 zero submatrices 
are nei ther stored nor used i n  the computation. 
The f i r s t  feature i s  achieved rather natural ly; i t  i s  because o f  the f o m  
o f  the expressions given i n  sections 4.2 - 3.6 which are used t o  bu i l d  up 
N and U. On the other hand, the second feature i s  achieved through 
programing logic.  Specif ical ly, a f i r s t  matrix L i s  used t o  tag each 
3 x 3 nonzero submatrix o f  N wi th  a row and column number. A second matr ix 
F w i th  a one-to-one correspondence t o  the f i r s t  i s  then mIployed t o  tag 
the storage assigned t o  the par' ' ~ u l a r  3 x 3 submatrix. The indiv idual  
elements of the 3 x 3 submatrices are a l l  stored i n  one large l i near  
array E. 
The reduced elements o f  N are stored i n  the locations previously 
created f o r  elements i n  N. Durinq reduction addit ional 3 x 3 matrices ar ise 
i n  locations where there were none o r i g i na l l y  i n  N; thus "drag storage" 
must be assigned. I n  doing so the guide matrix L and the storage tagging 
matr ix  F are updated t o  account for these addit ional matrices. Similar 
- 1 
"drag storage" i s  also determined during the formation o f  the inverse N . 
Once the "drag storage" i s  determined, the reduction, back s o l u t i ~ n  
and inverse determinations are guided by L, the storage locatea by F, and 
the elements t o  be used i n  the computation found i n  E. 
4.62 Reduction 
The coe f f i c ien t  matrix o f  the normal equations i s  wr i t ten as 
N = SR 
where S i s  a lower t r iangular  matr ix wi th 3 x 3 i den t i t y  matrices along the 
diagonal, and R i s  an upper t r iangular  matrix. A l l  matrices and vectors 
presented i n  t h i s  discussion are st ipulated t o  be composed o f  3 x 3 sub- 
inatrices and 3 x 1 subvectors r es~ec t i ve l y .  
The reduction i s  accompl i shed by computing 
s = 1 - 1  
from 
N = R - T R  
where R and T (thus S)  are b u i l t  up simultaneously. The augmented matr ix  
i s  f i r s t  reduced according t o  the algorithms 
- 1 
n = n - n f  n n j k - j  2-1 ,k,i k-l,k,k k-l,k,j 
def in ing 
R = 
n 122 "123 "' "1 2n 
zeros 
below . . 
diagonal "n-l,n,n 
and 
A second algorithm (performed as part  of equation 4.6 - 8) namely, 
resul t s  i n  the fo l  1 owi nq reduced matrices : 
(S' and D are used to obtain solution vector X--section 4.63) 




(used to obtain inverse--section 4.64) 
Back Solution 
The back solution invol yes the determination of the unknown vector X 
from elements of the reduced matrices S' and 0. Without derivation 
[Uotila, 1967, p. 281, 
- 
X = T ' X - 0  
recall 
T = I - S '  
or in suinnation form 
4.64 Formation of Inverse 
The inverse matrix N-I will be computed by the method associated 
with the name of Banachiewicz [Uotila, 1967, p. 311. According to equation 
4.6 - 3, N-I can be computed from 
However, it turns out that N-' can be formed wi tkout the aid of S-'and 
further only the diagonal elements of R-' are needed. 
The diagonal elements of R" are readily available since the inverse of an 
upper triangular matrix has as its diaqonal elements the reciprocal of the 
diagonal elements o f  the triangular matrix itself and the same result 
holds if "elements" is taken to mean 3 x 3. The diagonal elements of 
R" are computed by i nve r t i ng  the 3 x 3 diaqonal matrices o f  R and f o r  
computer space saving reasons are stored along the diagonal o f  S '  (equation 
4.6 - 13). 
From equation 4.6 - 18 
R-l = N-ls 
and f u r t h e r  subs t i t u t i ng  i n  f o r  S from equation 4.6 - 4 
R - ~  = N-~(I - T) 4.6 - 20 
= N-l - 4.6 - 21 
and f i n a l l y  
N-1 = R-l + N-lT 
The corresponding sumnation equation f o r  computing any 3 x 3 mat r ix  o f  
where 6 i s  the Kronecker de l ta  defined by 
and 
4.7 S t a t i s t i c a l  Evaluation (Precision o f  Ground 
Stat ions A f te r  Adjustment1 [86] 
4.71 Variance o f  Un i t  Weight 
The variance o f  u n i t  weight f o r  the t o t a l  adjustment i s  given by the 
fo l lowing expression: 
where V'PV i s  the sum o f  the squares o f  the weighted res iduals o f  a1 1 
observed quant i t ies  and d f  i s  the number o f  degrees of freedom i n  the l eas t  
squares adjustment. 
4.71 1 Optical  Adjustment. 
Equation 4.7 - 1 w i l l  now be considered fo r  the op t i ca l  adjustment. 
The l i nea r i zed  mathematical s t ruc ture  accordin0 t o  sect ion 6.2 was shown 
t o  be of the form 
A X t B V t W  = O 
The general expression f o r  the computation of V'PV i s  
where the f i r s t  term i s  the cont r ibu t ion  from equation 4.7 - 2 and the 
second term i s  the con t r i bu t i on  from the c constra ints  applied. Without 
tak ing i n t o  considerat ion the cons t ra in ts '  cont r ibu t ion  
V ' P V  -W'K 4.7 - 4 
and considering an expression f o r  K and X from equations 4.2 - 27 and 
4.2 - 28 respect ively,  
and 
Denoti ng 
V'pV = W '  ( B f l  B' (AX t W) 
equation 4.7 - 5 w i t h  equations 4.2 - 29 and 4.7 - 6a qives 
Let the p a r t i t i o n i n g  of equation 4.2 - 29 be denoted as 
4.7 - fia 
Then, using 
where -1 -1 
E = (NZ2 - NZlNl1Nl2) 
equation 4.7 - 7 becomes 
f 
and af ter  suLst i tut ing the values from equation 4.7 - 9 and s impl i fy inq 
- 1 V ' P V  = W'M-'W - u~N;;u~ + (Ui - N~~N; ;u~) '  E(Ui - N21N11Uj) 4.7 - 10 
but by el iminat ion o f  X j  from 4.? - 8 we qet 
- Xi - - INz2 - N ~ ~ N ; ~ N ~ ~ I - ~  [Ui - N ~ ~ N ; ~ u ~ I  
or, using the notat ion of 4.6 - 1, 
- 1 X = - N  U 
Thus we see that  
E = N- I  
and - 1 
U = Ui - N21NlllJj 
and f i n a l l y  
Denot i ng 
and considering equation 4.2 - 31 t h i s  becomes 
Now using equations 4.2 - 38. 4.2 - 42 and fac tor izat ion and cancel lat ion 
analogous t o  tha t  i n  equations 4.2 - r l  t o  4.2 - 42, t h i s  becomes 
which i s  eas i l y  shown t o  be i d e n t i c a l l y  equal t o  
w i th  
so t h a t  f i n a l l y  a f t e r  the constra ints  are taken i n t o  considerat ion 
Note t h a t  the f i r s t  term in the above i s  the quadrat ic form o f  a l l  the 
.-esiduals a r i s i n g  from a l l  simultaneous event ad.justmants w i t h  ground s ta t ions  
held f i x e d  and i s  computed and summed f o r  each evznt by means o f  equation 
3.2 - 1 f o r  the purpose o f  blunder detect ion (sect ion 3.222); the second 
term i s  found from 
- - 
U ' X  = nlc 
where the vectors D' and C, a byproduct i n  the so lu t ion  o f  the normal equations, 
are def ined by equations 4.6 - 14 and 4.6 - 9 respect ively.  Kc i s  obtained 
from 4.5  - 1 where X i s  the so lu t ion  o f  e q ~ ~ a t i o n  4 . 5  - 6. 
The t o t a l  number o f  degrees o f  freedom, df, t o  be used i n  equation 
4.7 - 1 i s  
df = number of equations - number o f  unknowns 
where 2n i s  the number o f  equations r e s u l t i n g  from one simultaneous event 
(n = number o f  ground s ta t ions  i n  a p a r t i c u l a r  event j and the sumnation 
i s  performed over a l l  simultaneous events; nc i s  the number o f  cons t ra in t  
equations; 3s i s  the number o f  unknowns due t o  s number o f  s a t e l l i t e  posi t ions;  
39 i s  the number o f  unknowns dlie? t o  g number of unknown ground stat ions. 
I n  conclusion the "a pos te r i o r i "  variance of u n i t  weiqht f o r  the op t i ca l  
adjustment w i  11 be 
4.712 Range Adjustmec t .  
Equations 4.7 - 1 w i l l  tlow be discussed i n  the l i g h t  o f  the range 
adjustment. F i r s t l y ,  the expression for  computing V ' P V  by an analoaous 
argument t o  the op t i ca l  case i s  
- 
V ' P V  = V ' P V  - X ' U  4.7 - 19 
where ~ ' P V  i s  the quadrat ic form o f  the res iduals a r i s i n g  from the adjust -  
aent o f  simultaneous events--holding the ground s ta t ions  f i xed .  The 
second term 
XlU = pc 4.7 - 211 
i s  computed according t o  equations 4.6 - 14 and 4.6 - 9 respect ive ly .  
The degrees o f  freedom, d f ,  i n  thz  range adjustment i s  as usual 
d f  = number o f  equations - numkr  o f  unknowns 
where n i s  the number o f  ground stat ions, t.hus observed ranges, i n  a 
p a r t i c u l a r  simultaneous event and the summation i s  performed ovet* a l l  
simultaneous events; nr again i s  the number o f  cons t ra in t  equations i n  the 
range adjustment; 3s and 3g are the number c f  uliknowns due t o  s number o f  
sate1 1 i t e  posi t ions and g number o f  unknown ground s ta t ions  respect ive ly .  
I n  summary, 
2 V ' P V  (I = -  
0 df 
4.72 Variailces and Covariances o f  Ground Stations 
4.721 Cartesian Coordinates. 
The variance-covariance matr ix  q iv inq  the accuracy o f  the adjusted 
rectangular ground s ta t i on  coordinates i s 
where a *  i s  the variance of u n i t  weiaht a r i s i n g  from the adjustment 
0 
(sect ion 4.71) and N-I i s  the c o e f f i c i e n t  matr ix  discussed i n  sect ion 
The un i t s  f o r  the variance-covariance matr ix  f o r  the op t i ca l  and 
:ange edjustrnents are meters squared. 
The square r o o t  of the diagonai elements of the variance-covariance 
matr ix  y ie lds  the correspondinq standard deviat ions i n  meters. 
4.722 Geodetic (Curvi 1 inear) Coordinates. 
The propagation o f  variances and covariances from curv i l inear  coordi- 
nates (geodetic l e t i  tude + and longitude x and e l l i pso ida l  height H) i n  
meters t o  three dimensional rectangular coordinates (u ,v ,w) i s  achieved by 
the fol lowing matrix equation 
where 
-sin@ cosx -cos@ sinx cos4 cosh 
6 = -sin+ sinx I cos4 cosx cos4 sinx cos4 0 sin4 I 
Reversing the transformation depicted by equation 4.7 - 24, the 3 x 3 
variance-covariance matr ix corresponding t o  4, A, H i s  
a l l  i n  meters. 
I n  order t o  obtain the un i t s  
u 2 (arc sec) 2 4 
u - 0  
4H H ~ ;  %A ' \H' arc sec x meters 
the elements o f  equation 4.7 - 26 req-lire the fo l lowing modifications: 
where 
1 = - 
sin 1" 
R = 6,370,000 m 
(Note: R replaces the radius of curvature Y i n  the prime ver t i ca l  plane i n  
the rigorous case-- just i f icat ion f o r  simp1 i f i c a t i o n  i s  given by the fact tha t  
only three s ign i f i can t  figures are meaningful i n  propagation of variances 
2 2 
whose magni ludes i n  m or  (arc sec) are i n  the un i t s  place. ) 
4.73 Correlat ion Between Ground Stations 
The amount o f  cor re la t ion between the adjusted ground s ta t ion coordi - 
nates i s  described i n  terms of the correlat ion coef f ic ient .  The cor re la t ion 
coef f ic ient  i s  defined as 
where i and j represent any two quant i t ies associated w i th  a variance- 
covariance matr ix u c h  as tha t  of equation 4.7 - 23; oij i s  the covariance. 
namely, the off-diagonal term o f  equation 4.7 - 23; ui and U .  are the 
J 
standard deviations or square mot of the ith and jth variances (diaqonal 
terms) respectively. 
4.74 Error El 1 ipsoid Computation 
Error ellipsoid cop ltation is made for each observing ground station 
considered as an unknown in the adjustment. The eigenvalues and 
ei genvectors are computed in a ropocentric three-dimensional 
rectangular coordinate system with its origin at the particular ground 
station and its axes parallel to the mean terrestrial coordinate system 
(section 4.12). For each point there corresponds one eigenvalue (Aii) for 
each of the three mutually perpendicular axes of the el 1 ipsoid; the direction 
of these three axes is given bv their corresponding eigenvector (T~). 
The actual computation is as follows. The particular 3 x 3 on-diagonal 
variance-covariance matrix c of equation 4.7 - 23 is subjected to an 
orthogonal transformation 
T'ET = A 4.7 - 30 
w k r e  A is a diagonal matrix and T is the orthogonal transformation matrix 
to be found which diagonal izes E. The transformation results in three 
homogeneous 1 inear equations, namely, 
i [C-AiiI]T = 0 
which has a solution only if the determinant of the coefficient vanishes, 
Once the eigenvalues are obtained from equation 4.7 - 32 , thei r  corresponding 
eigenvectors are obtained from equation 4.7 - 31 af ter  substitut ion o f  k i. 
The length of the axes o f  the error e l  1 ipsoid are the square-roots of 
the corresponding eigenvalues. The spherical coordinates (spherical l a t i  - 
tude 0 and longitude A )  which give the direct ion o f  each el l ipsoidal  axis 
are obtained from the components o f  the eigenvector 
namely 
tan o = t3 4-t: 
and 
- tan A = tl 
4.7 - 34 
These angles can easi ly be converted t o  a1 t i tude and azimuth if so desired. 
4.8 Computer Proqramning [87, dS, 190, 1933 
Computer programs related t o  section 4 may be found i n  [Reil ly e t  al., 
19723 and i n  [Mueller e t  al., 1973a1. 
5. RESULTS (SOLUTION WN14) [?87, 188, 193, 195, 1961 
5.1 Reference Ell ipsoid, Origin, Orientation and Scale 
The least  squares adjustment o f  the observations l i s t e d  i n  Tables 
3.2-3 i s  performed i n  terms o f  the Cartesian coordinates of the tracking 
stations. The resu l ts  ara a1 so converted i n t o  geodetic coordinates 
( lat i tude, longitude, height) referenced t o  a rotat ional  e l  l i psa id  o f  the 
fo l  1 owing parameters : 
a = 6 378 155.00 m 
b = 6 356 769.70 m 
The corresponding f 1 a t ten i  ng i s 
f = 11298.2494985 = 0.003352897507 
The o r i g i n  of the coordinate system (or  the center of the above 
reference e l  1 ipsoid) i s  f ree as determined through the "inner" constraints 
explained i n  section 4.57. The or ientat ion o f  the system i s  inherent i n  
the opt ical  observations, through the s tar  posit ions i n  the SAO catalog 
(referenced t o  the FK4 system) updated t o  t he i r  apparent posit ions a t  the 
epoch of the observation, and through UT1, x and y (coordinates of the t rue 
pole wi th  respect t o  the C10) as derived by the BIN. Thus the pos i t ive  end 
of the axis u i s  i n  the d i rect ion o f  the Greenwich Mean Astronomical Meridian 
(and the zero geodetic meridian o f  the reference el l ipsoid);  the posi t ive 
w axis passes through the Conventional International Or ig in (and coincides 
w i th  the minor axis o f  the reference el l ipsoid).  The axis v completes the 
right-handed coordinate system i n  the d i rect ion o f  the 9O0(E) meridian, and 
wi th  the u axis defines the plane o f  the average te r res t r i a l  (geodetic) 
equator. 
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The scale i n  the solut ion i s  defined through the dominating nearly 
30,000 SECOR range observations, through the lengths o f  eight €DM 
(Geodimeter o r  Tellurometer) and three C-Band base1 ines, and also through 
a special procedure using constrained e l  1 ipsoidal heights. 
The SECOR observations have an a poster ior i  standard deviat ion o f  
k4.1 m o r  approximately one par t  per m i l l i o n  [Mueller e t  al., 1973b1. The 
scale i s  propagated in to  the network through th i r teen opt ica l  stat ions whose 
re la t i ve  posit ions w i th  respect t o  the nearby SECOR stat ions are main- 
tained i n  the adjustment w i th  t h e i r  survey coordinate-differences entered 
as weighted constraints (see Table 3.3-2). 
The avai lable EDM and C-Band baselines are l i s t e d  i n  Table 3.3-4. 
The chord distances shown are entered i n  the adjustment as weighted 
constraints wi th  weights computed from the i r  estimated a p r i o r i  standard 
deviations as l i s t e d  i n  the table. The reasons for re jec t ing the east-west 
Austral ian t e l  lurometer 1 ine (6032-6060) are explained i n  [Muel l e r  e t  a1 . , 
1973a1. Three C-Band 1 ines were a1 so rejected because of suspected errors 
i n  the survey coordinates of the terminal stat ions (Kauai (4742) i n  Hawaii 
and Pretor ia (4050) i n  South Afr ica) needed t o  t i e  them t o  the nearest 
opt ica l  stat ions (9012 and 9002 ,respectively). Thouqh these four 1 ines 
were not constrained, a t  the end o f  the analysis two of them (6032-6060 
and 4082-4050) compared we1 1 w i  t h  the 1 engths computed from the adjusted 
coordinates (see Table 5.3-1). Thus the only s ta t ion w i th  survey 
coordinates i n  de f in i te  er ror  i s  Kauai . 
The use of geodetic (e l l ipso ida l  ) knights as weiqhted constraints as 
a contr ibut ion t o  the scale requires a more detai led explanation (Fig. 
5.1-1). The height (H) above a geocentric r ~ f e r e n c e  e l l i p so id  has two 
GEOlO 
--LC- ---- &A HORT W E  LENGTH TERM ( 8 N 1 
Fig. 5.1-1 Heiqht components. 
main components: the orthometric (mean sea leve l )  height (MSL) and the 
geoid undulation (N). I n  t h i s  qeocentric case, N consists o f  a long-wave- 
length component N , a short-wave-length term 6N, and an addi t ive par t  REF 
ha. The term N qeneral l y  corresponds t o  regional qravi ta t iona l  e f fec ts  REF 
and can be computed, e - a . ,  from a truncated spher~ca l  harmonic series. 
The short-wave-length par t  SN corresponds t o  local  qravi t y  o r  mass dis-  
turbances and i s  generally not contained i n  the spherical harmonic repre- 
sentation. The addi t ive par t  ha i s  the so-called zero-degree term which 
may ex is t  due t o  the f a c t  that  the e l l i p so id  may not be o f  the same size 
(though i t  i s  o f  the same f lat tening) as the "best" (mean earth) level  
e l l i p so id  t o  which the undulation, PIREF, are referenced. Since the N REF 
undulations are, w i  t b i n  reasonable 1 i m i  ts, insensi t ive t o  the semidiameter 
o f  the level e l l ipso id ,  i t  i s  d i f f i c u l t  t o  define a correct value for Aa. 
I f  the reference e l l i p so id  i s  nongeocentric, as i s  the case i n  t h i s  
solution, an addit ional height term (dH) arises due t o  the "sh i f t "  o f  
the o r i g i n  (e l  1 ipsoidal center) w i th  respect t o  the geocenter. 
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Thus the geodetic height may have the following components: 
H = MSI + N  
N  = N + ~ N + A N  
REF 
where [Heiskanen and Moritz, 1967, p. 207) 
AN = Aa + dH = Aa + uo cosm cosl + vo cosm sin1 + w sin4 5.1-3 
0 
Aa = a ( level  e l l i pso id )  - a (reference e l l i pso id )  
uo, v0, wo are the coordinates of the geocenter w i th  respect t o  the 
center of the reference e l  1 ipsoid (or ig in)  
4, l are the geodetic coordinates o f  the s ta t ion t o  which H 
re fers  
I n  pract ice a t  most s a t e l l i t e  tracking stations, the quanti ty 
MSL + NREF i s  well known, and qenerally i t  consti tutes the largest  port ion 
of the t o ta l  height above the leve l  e l l ipso id .  The addi t ive + s h i f t  term, 
AN, can be determined empirical l y  through an i t e r a t i v e  in terpo la t ion 
procedure as described l a te r .  Since MSL + N + AN const i tute the 
REF 
largest  port ion o f  the t o t a l  height above the reference e l l i pso id ,  i t  
seems reasonable not t o  ignore th is ,  admittedly par t ia l ,  information on the 
height o f  the s ta t ion and t o  include i t  i n  the adjustment as a constraint 
( "CCNSTR = MSL + NREF + AN) w i th  such a weight that  the adjustment should 
be able t o  "pu l l  out" the only remaining component, the short-wave-length 
t e n ,  6N, together wi th possible errors i n  HcONSTR. I n  t h i s  solut ion the 
standard deviations used i n  computing the weights vary from 22.5 m t o  +8 m 
depending mostly on the locat ion of the station, from the point  o f  view of 
the extent o f  the avai lable surface grav i ty  observations i n  the area which 
was included i n  the spherical harmonic expansion for  N [Rapp, 19731. REF 
Table 3.3-3 l i s t ?  these standard deviations and the quant i t ies H CONSTR for 
a11 the stations. 
I n  t r y ing  t o  determine the "best" scale f o r  the solut ion or, which i s  
the same, the "best" add i t ive  term Aa, the f i r s t  step i s  t o  establ ish the 
re lat ionship between them. This problem d i f fe ren t l y  stated i s  the 
determination o f  the re la t ionsh ip  between the add i t ive  t e n  and the semi- 
diameter o f  the "best" leve l  e l l i p so i d  towh ich  t h e q u a n t i t y N  refers.  
REF 
The meaning o f  the term "best" w i l l  be elaborated on l a t e r  i n  t h i s  section. 
This i s  accomplished empir ical ly  from a set o f  solut ions w i th  height 
constraints containing d i f f e ren t  add i t ive  terms, from ha = 0 t o  30 m. 
The s h i f t  term dH i n i t i a l l y  i s  estimated from comparisons w i th  various 
dynamic solutions, resu l t i ng  i n  the coordinates uo, vo and wo needed i n  
equations 5.1-3. These solut ions r esu l t  i n  sets o f  geodetic heights 
( H ~ ~ ~ )  above the reference e l  1 ipsoid and a1 so i n  sets o f  undulations 
af ter  subtracting the MSL: 
N ~ ~ i  = H - MSL WNi 
These l~ndulat ions thus r e fe r  t o  the reference e l l  iprc:id o f  a = 6 378 155 m, 
whose o r i g i n  i s  set by the inner constraint.  Disregarding the short-wave- 
length term, the re la t ionsh ip  between the undulations N WNi and NREF i s  
given by equations 5.1-2 and 5.1-3, from where, f o r  any s ta t ion  and for  the 
solut ion WNi: 
Since t h e q u a n t i t y  (N - N ) i s  knowndt a l l  s tat ions,  the parareters 
WNi REF 
"1' Uo i '  "oi ,  W O i  can be calculated ( i te ra ted)  from l e a s t  squares 
adjustments fo r  each set  "i ." This i s  the same as determining the s ize  
(scale) and the o r i g i n  o f  the l eve l  e l l i p s o i d  which f i t s  best the geoid 
defined for  a qiven se t  by the undulations N 
W N ~  ' I t s  s i t e  i s  
a = 6378 1 5 5 +  nai i 
and i t s  o r i q i n  w i t h  respect t o  the o r i g i n  of the reference e l l i p s o i d  i s  
defined by the coordinates uoi, voi and w A f te r  some i t e r a t i o n s  these 
o i  ' 
coordinates hard ly  change from so lu t i on  (set)  t o  so lu t i on  (set) ,  regard- 
less  o f  the i n i t i a l  se lect ion o f  Aa; thus the re la t i onsh ip  between the 
i npu t  add i t i ve  term and the r e s u l t i n g  semidiameter, a = f ( ~ a ) ,  becomes 
st ra ight forward and l inear. 
This emp i r i ca l l y  determined re la t ionsh ip  i s  shown i n  Fiq. 5.1-2, as 
the dashed l i n e  drawn from the lower l e f t  corner towards the upper r i q h t .  
The corresponding ord inate i s  on the r iqht-hand s ide o f  the diasram. The 
l i n e  now allows e i t h e r  t o  p i ck  the cor rec t  i n i t i a l  add i t i ve  term which 
when used i n  the height  constra ints  would r e s u l t  i n  an a p r i o r i  defined 
semidi ameter (scale), o r  t o  determine which semidiameter (scale) would 
correspond t o  an a p r i o r i  def ined add i t i ve  term. As an example, if the 
semidiameter o f  the l eve l  e l l i p s o i d  best f i t t i n g  the geoid was t o  be 
6 378 142 m, the WN so lu t ion  would requ i re  height  cons t ra in ts  conputed 
w i t h  an a d d i t i v e  term of -15 m. 
The next question, o f  course, i s  j u s t  how b i g  should t h i s  desired 
semidiameter be. Put t ing  i t  d i f f e r e n t l y ,  what c r i t e r i o n  should be used 
t o  select  the "best" scale? I f  the scale was t o  be determined on ly  from 
the EDM and C-Band base1 ines and/or the SECOR observations, these 
questions wr~uld no t  a r i s e  since the scale would be inherent ly  defined. 
Fig.  5.1-2 Determination o f  scale. 
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The use of weighted height constra ints ,  as explained above, provides a 
unique too l  t o  se lec t  the scale t o  f i t  some c r i t e r i o n .  There could be 
several noninclusive c r i t e r i a ,  e.g., 
(1) The lengths of the EDM baselines as computed from the adjusted 
coordinates of the terminal s ta t ions  should be (a) exac t ly  the same 
as the given lengths i n  Table 3.3-4, o r  (b) t h e i r  d i f ferences should 
be w i t h i n  the 1 i m i  t of one (averaqe) standard deviat ion, Jr ( c )  
w i t h i n  a ce r ta in  l i m i t ,  e.g. ,l:1,000,000, etc.  
(2 )  Same as (1) but f o r  the C-Band baselines. 
(3) The scale d i f ference as determined from the s t a t i o n  coordinates of 
the WN so lu t i on  and from the same coordinates o f  some dynamic 
so lu t i on  should be (a) exac t ly  zero, (b) w i t h i n  the l i m i t  o f  one 
standard deviat ion of the scale d i f fe rence factor ,  ( c )  w i t h i n  
1:1,000,000, etc. 
(4) The scale d i f ference as determined i n  (3) should be w i t h i n  a ce r ta in  
l i m i t  w i t h  respect t o  - a l l  the  dynamic solut ions. 
(5) The scale d i f ference should be w i t h i n  a ce r ta in  l i m i t  w i t h  respect t o  
a l l  the dynamic solut ions and the EDM and C-Band baselines. 
I n  order t o  be able t o  enforce any of the  above c r i t e r i a ,  f i r s t  the 
re la t i onsh ip  between the scale di f ference f a c t o r  and the semidiameter has 
t o  be established. This i s  accomplished again emp i r i ca l l y  by determining 
the scale d i f ferences between the d i f f e r e n t  WNi solut ions (used t o  determine 
the func t ion  a = f ( ~ a )  ) and the EDM and C-Band baselines and the dynamic 
solut ions NWL-9D [Anderle, 19731, SAO I11 [Gaposchkin e t  al., 19731, 
GEM 4 [Lerch e t  a1 . , 19721, GSFC 73 [Marsh e t  &I., 15'731. The method o f  
ca l cu la t i ng  the scale-di f ference fac to r  i s  desit-{bed i n  [Kumar, 19721, and 
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the resu l t s  are shown i n  Fig. 5.1-2 where, w i t h  the ordinate on the l e f t -  
hand side, the scale differences are p lo t ted  arlainst the semidiameters corres- 
ponding t c  the various A ~ ' S  used i n  the heiqht constraints. The nu,nbers 
on the l i n e s  ind ica te  r e l a t i v e  weights based on the uncerta int ies o f  the 
scale-difference determinations. It can be seen tha t  the 1 ines representing 
the geometric (EDM and C-Band) scale di f ferences are much less wel l  
determined than the dynamic ones. As an example, the scale-difference 
factor ,  between the WNi so lu t ion  computed w i t h  ha = -15 m (a = 6 378 142 m), 
and the solut ions NWL-9D i s  -0.18 x 1W6; the GEM 4 i s  -0.68 x ( the 
dynamic scales are larger) .  Also, the lengths o f  the EDM baselines from 
the adjustment d i f f e r  from t h e i r  d i r e c t l y  measured values by 1.38 x 
( the measured values are smaller). 
The diagram i s  used by recognising the importance o f  the various 
in tersec t ion  points, marked by numbers. ?or example, po in t  1 i l l u s t r a t e s  
the f a c t  t h a t  if the semidiameter of the leve l  e l  1 ipso id  was 6 378 125 in, 
the difference between the 3djusted chord lengths and t h e i r  given values 
would be zero; po in t  4 s ows t h a t  w i t h  an a = 6 378 143 m tht-re would be 
no scale d i f ference between WNi and NWL-9D. Fourteen sim-11 ar  -. ntersect ion 
points are 1 i s t e d  i n  Table 5.1-1 w i t h  weights and in terpre ta t ion .  
From the table i t  i s  inmediately c lear  t h a t  tak ing the weighted mean 
o f  the in tersec t ion  points from the "geometric" scalars (points 1 and 2), 
the "best" semidiameter i s  6 378 125.8 m, whi le  from the "dynamic" l i n e s  
(points 3 - 6) i t  i s  6 378 142.0 m. The d i f ference o f  some 16 m, o r  
about 2.5 par ts  i n  a m i l l i on ,  seems t o  be rea l  but  unexplained a t  t h i s  
time. The comb!ned weighted mean from points 1 - 6 i s  6 378 141.7 m; 
whi le  from a l l  the  points (1 - 14), i t  i s  6 378 142.7 m. 
Table 5.1-1 
Determination o f  Scale 
For the so lu t ion  reported here (WN14), the c r i t e r i o n  f o r  the scale 
i s  (5) above, i .e., t h a t  the scale should corresoond wel l  t o  a l l  geometric 
and dynamic information ava i lab le  a t  present. Based on the above numbers 
and on previously pub1 ished parameters, a = 6 378 142 m was selected. This 
then requires an adjustment i n  which the scs e i s  defined, i n  add i t ion  t o  
the SECOR, EDM and C-Band observatiotls, t h r ~ u g h  height constra ints w i t h  
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6 378 125.0 
6 378 133.7 
6 378 140.8 
6 378 143.0 
6 378 144.9 
6 378 144.1 
6 378 143.6 
6 378 146.8 
6 378 147.1 
6 378 147.8 
6 378 153.7 
6 378 154.0 
6 375 155.2 
6 378 169.5 
Weighted Mean 
a (m) 
6 378 125.8 
( f rompoin ts  1 and 2) 
6 378 141.7 
(from po in ts  1 - 6 )  
6 378 142.n 
(from points 3 - 6) 
6 378 142.7 
(from points 1 - 14) 
WN = C-Band 
WN = SAO X I 1  
WN = NWL 90 
WN = GSFC 73 
WN = GEM 4 
C-Band = SAO 111 
C-Band = GSFC 73 
C-Band = NWL 9D 
C-Band = GEM 4 
EDM = SAO I11 
EDM = GSFC 73 
EDM = GEM 4 














a t  t h i s  semidiameter the maximum scale difference expected between IN1 4 
and any of the dynamic solut ions i s  about 0.8 x and w i th  respect t o  
the €DM about 1.4 x 1 W6 o r  1 : 700,000 which i s  about the average standard 
deviat ion of the EDM baselines. Using t h i s  scale the resu l t ing geoid 
undulations 
w i th  
AN (meters) = -13 - 23.2 cosg cosA - 2.9 cosg s i ru  + 2.7 sin4 
are consistent w i th  dynamically computed ones when the fo l lowing set o f  
constants defining the grav i ty  f i e l d  o f  the level  e l l i p so id  are used 
[Heiskanen and Moritz, 1967, p. 641: 
f = 11298.25   flatten in^) 
u = 0.72921 151467 x 10-%ad. sec" ( rotat ional  ve loc i ty )  
a = 6 378 142111 
Wo = 6 263 688.00 kgal m (qeoootential on the geoid) 
Derived from these are the fol lowing parameters: 
kzM = 3.98600922 x 10" 3 seC2 (gravi tat ional  constant x earth mass) 
Y L  978.03226 cm seco2 (equatorial normal grav i ty )  
J = 1 082.6863 x (second-degree harmonic) 
2 
A l l  the above constants are i n  good agreement w i th  t h e i r  current best 
estimates. The parameters i n  equation 5.1 - 4 ( ~ a  = -13 t0.7 m, 
Uo = -23.2 t0.9 m, vo = -2.9 k0.8 m, w, = 2.7 t1.2 m) are the resu l t  o f  
f i t t i n g  an e l l i p so id  t o  the WN14 geoid as explained e a r l i e r  i n  t h i s  section, 
and they represent the s ize and the posi t ion a f  the best f i t t i n g  leve l  
e l l i p so id  wi th  respect t o  the reference e l l i p so id  (o f  the same f lat tening).  
I n  case of a good global s ta t ion d is t r ibu t ion  the center o f  t h i s  leve l  
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e l l i pso id  i s  the "geometric" center of the ~ e o i d .  I f  t h i s  point  i s  assumed 
t o  be ident ical  wi th the center of mass than the above coordinates may be 
viewed as i t s  coordinates wi th  respect t o  the o r i g i n  o f  the reference 
el l ipsoid,  and wi th  opposite signs they can be used t o  sh i f t  the W14 
coordinates to  the geocenter : 
u (geocentric) = u M(14 + 23.2 m 
v (geocer.tric) = v m14 + 2.9 m 
w (geoceltr ic) = "knI4 - 2.7 m 
5.2 Cartesian and Geodetic Coordinates 
The Cartesian and geodetic coordinates resu l t ing from the W414 solut ion 
are l i s t e d  i n  Table 5.2-2. Standard deviations o f  both t-vpes of coordinates 
are also given together w i th  the pdratneters o f  the er ror  e l l  ipsoid (see 
section 4.74). The f i r s t  page o f  the table explains the format and the 
un i ts  used. Table 5.2-1 i s  a sumnary o f  the averaqe standard deviations. 
The values are also broken d m  t o  the constituent networks. The notation 
i s  explained on the f i r s t  page o f  Table 5.2-2, except f o r  the average 
standard deviat ion which i s  0 = d(u: + 0: + o:)/3. As can be seen, the 
weakest port ion of the network i s  the MPS, and the strongest i s  the SECOR. 
The average standard deviation i n  a Cartesian coordinate i s  23.9 n. See 
Table 5.3-2 f o r  comparison w i th  solutions without the weighted height 
constraints. 
The f u l l  variance-covariance matrix cannot be presented here due t o  
lack o f  space; however, the correlat ion coeff icients 0.. (see equation 
1 J 
4.7 - 29) between the u,v,w coordinates o f  station: 1 and j (the off- 
diagonal 3 x 3 matrices) are l i s t e d  i n  Table 5.2-3 when pij > 0.75. 
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Table 5.2-1 
Average Standard Deviations (Solution WN14) 
The 3 x 3 correlation coeff ic ient matrices wi th  any element greater 
than 0.925 are marked by asterisks. Comparison with Table 3.3-2 reveals 
that a l l  o f  these station pairs have the i r  re la t i ve  positions constrained; 
thus such correlations are expected. Table 5.2-4 contains the correlation 
coefficients between the u,v,w coordinates o f  a civen station, i.e., the 
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Cartesian and Geodetic Coordinates 
(Solution UM14) 
u,v,w - Cartesian coordinates in meters (Orientation: u z the Greenwich 
meridian a s  defined by the B.I. H. ; v - A = 90" (E); w r Conven- 
tional International Origin). 
~ t a .  ~ o l  u 1 0, 1 v I 'J. 
1 Q) I % ! 1 I OX 
a, A. ra  
at+ A8 r b  
ac A, rc 
@,A Geodetic latitude and longitude in angular units (degrees, minutes 
and seconds of arc) computea from the Cartesian coordinates and 
referred to a rotational ellipsoid of a = 6378155.00 m and 
b = 6356769.70 m. 
w Q, 
H I 0, 
H Geodetic (ellipsoidal) height in meters  referred to the same 
ellipsoid. 
o,o,,a. Standard deviations of the Cartesian coordinates in meters. 
uv,aX Standard deviations of the geodetic coordinates in seconds of arc. 
OW Standard deviations of the geodetic height in meters. 
4.4, r, Altitude (elevation angle), azimuth and magnitude of the major 
semi axis of the e r ro r  ellipsoid, respectively. Anglcs in degrees, 
magnitude in meters. Altitude i s  positivc above the horizon. 
Azimuth i s  positive east reckoned from the north (see section 
4.74). 
ab A, r, Same a s  abwe for the mean axis of the e r ro r  ellipsoid. 
a, A,, r, Same a s  above for the minor axis of the e r r o r  ellipsoid. 
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Table 5.2-3 
Station t o  Station Correlation Coefficients pij > 0.75 
(Solution WN14) 
S TA.NO.3106 WITH STAoNC.4061 
0,952 0.143 -0.12 1 
0.141 0.942 -0.130 
-0. 116 4.128 0.963 
+ STA .NO. 3406 WITH STAoNO.9009 
0.971 0.156 -0,290 
0. 157 0.961 -0.057 
-0.292 4 .058  0.985 
+ STheN0.3413 WITH STA.NO.6067 
0.962 - 0,157 -0 e02 1 
0.157 0 196'5 0.047 
-6.022 no048 0 -976 
STAoNOe3476 WITH STAeNOoS712 
0.857 0.120 -0.103 
0.119 0.838 -0.014 
-0.088 0.008 0.923 
* STA ,NO03499 WITH ST*-NO -6009 
1.000 0 101 0 0063 
0.107 lo000 -0.184 
0.063 -0,184 1 on00 
+STA~N0~4050 WITH STAoN0.606e 
0.?10 -0,124 0.178 
-0. 1 25 0.908 0.139 
00 175 0 136 0.952 
STA.NOo4082 WITH STAoNO.9010 
0,741 0.022 -0.113 
0.020 0 0662 0.159 
-0.102 0.161 0 756 
SfA~NO.5001 WITH ST AoN0.5907 
0.844 0,307 0.313 
-0.059 0.761 0 0497 
0.420 0.643 0,806 
ST& .N0.5001 WITH ST b.NO.5915 
0.767 0,306 0 0395 
-0.225 0.565 0.477 
0.273 0.657 0 0777 
STA.Nn.%lO WITH ST AoNO.5730 
0.77 8 0.133 0.098 
-0.099 0.745 -0 0064 
0.129 4 . 0 6 9  OoR14 
STAoNO.5410 WITH STAoNO.6012 
0.695 0.116 0.091 
-0.079 0.699 -0.066 
0.114 6 . 0 7 2  0.778 
STAoNOo5712 WITH STA.NO.5912 
0.686 -o,noz -0.118 
-0.112 0.4PQ 0.045 
Ow 132 0.104 0.809 
STAoNOo5113 HI TH ST A.NO.5715 
Ow 591 0.189 -0.331 
0.216 0.77 2 0.013 
-0.340 0,075 0.651 
STA.NO.3405 WITH ST A oNn.4081 
0.939 O e l l Q  0.020 
0.119 0.946 0.037 
0.041 0,034 0.957 
ST AoN0.3413 WITH STAaNO.57 35 
0.@53 0.145 -0.040 
0.138 0.861 0 0038 
6 ,064  0 032 0 0905 
STA.NO.3413 WITH STA.NOmQ029 
0.926 0.154 -0.019 
0.153 0.930 0 -047 
4.018 0,047 0 0952 
+STAeN0.3476 WITH ST AeN0.6Pn8 
0.964 0.129 -0.107 
0.129 0.958 -0.021 
-0.107 4 . 0 1 9  0,980 
+ ST AeN0.3648 WITH ST AoN0.5648 
0.987 0.275 0.002 
0.273 0 0973 0,617 
0 003 0.617 0,987 
STAoN0.4050 WITH STA .N0.9002 
0.931 -0.126 0.180 
4 . r27  0.930 0.140 
0.180 0.142 0 0963 
STA.NU.4740 WITH STA oN0.7039 
0.940 0.060 -0.281 
0.061 0.931 0.290 
-0.275 0. 283 0.951 
STA.NO.5001 WITH STAoNOe5911 
0.809 -0,055 0.316 
0.108 0.857 0.273 
0.237 0 320 0.784 
STAoNO.5201 WITH STAoNO.6003 
0.899 -0.019 0.156 
-0,023 0.890 0.083 
0.155 0.080 0.912 
STAoNOo5410 WITH STA.NO.5941 
0.716 -0.259 0.136 
0.052 0.755 4.016 
0.253 -0.046 0.834 
STA.NO.5416 W I T H  STAeNO.6066 
0.695 0.116 0.091 
4.079 0.698 4 0066 
0.113 -OoO72 0.777 
STA.NO.5717 WITH ST A.NO.6008 
0.889 0 119 6 .088  
0.121 0.875 0.008 
4 .103  -0.012 0.941 
+ STA.NO.5713 WITH ST A.NO.5739 
0.994 0 206 -0.250 
0.207 0 0995 0.015 
-0.250 0.016 0.996 
Table 5.2-3 (cont'd) 
STA.NC.5713 W17tl 5TAoNO.SQ?4 
0.797 0.126 -0.275 
0.229 0.565 -0.063 
-0.272 0.067 0.491 
STA.Nfl.5715 WIT4 STL.NOoS736 
0.412 0 -240 0.121 
0- 145 0.765 -0.031 
0.142 0.017 0.699 
STA .N0.5715 WITH STAoNP.5925 
0.642 0.116 -0.022 
0.131 0.722 00O20 
-0 036 -0.023 0.784 
STAoNCo5717 WITH STA.KC.5720 
0.649 -0.1 JG -0.032 
0.019 0.751 0.015 
0.029 -0 0085 0.776 
*STA.1JII.5720 WITH STA.NO.6047 
0.937 -0.096 -0.067 
-0.097 0.934 -0.054 
-0006C' -0.056 0.965 
STA.NC.5721 WITH STA.NC.5973 
0.855 0.133 -0.194 
-0.12P: 0.e 14 -0 260 
-0.194 -0.320 0.715 
STA oN0.5723 WITH STA.NO.5726 
0.821 0 -057 -0.000 
0.300 0.713 0.027 
0.008 0,035 0,782 
STA.NP.5723 WITH SlC.NO05931 
0.P97 -0.121 -0.057 
0.186 0.863 00018 
-0  062 0-075 OeP91 
STAoN0.5726 WITH STA.PJ3.5930 
OoR(19 0.307 -00024 
0.044 0.77 3 0.127 
-0.119 0.083 0 08 3 1 
STA.Nfl.5726 WITH STA.NO.5933 
0.755 0.153 -0.110 
0.234 0.710 0.149 
-0.082 0.142 0.P22 
STA.Nfl.5726 WITH STA.NO.5035 
006b5 0. IOP -0.093 
0.291 0.751 0 004 
-0.024 -0.072 0.831 
SfA.NO05726 WITH STA.NO.6047 
-; 909 0.169 -0.056 
Oe171 0.903 0.101 
-0.052 O.O"b 0.951 
STA.NO.5730 WITH STA.NO.6012 
0. bYO -0.029 0.015 
-0.023 0.926 -0.018 
0.008 -0.016 0.950 
STA.Nn.5713 WITH STA.NO.6007 
0.886 OolQO -0.257 
0.204 0.904 0 0002 
-0.244 0.014 0.921 
STA.NO.5715 W 1TH S T b  -N%.5739 
0.593 0.21t -0 340 
0.190 0.770 0.075 
-0.330 0.015 0.650 
SlA.NO.5715 WITH STA.NO.6063 
0.838 0. 194 6 . 1 2 3  
0.183 0.901 0.002 
-0.117 -0 004 0.918 
STA.NC'.5717 WITH STA.NT.6042 
0 . 6 i O  -0.176 -0.033 
OoCO7 0 706 0.010 
0.022 -0.Ot.l 0.751 
STA.t;@.~7ZO WITH STA.NO.CO28 
0.931 -0o005 -0 0062 
-0.095 0.934 4 . 0 5 4  
-0.060 -0.055 0 965 
*STAoM0.5721 WITH STA.ND.6015 
00892 -0.06C. -0.151 
-0.074 0.890 -0.256 
-0.134 -0.246 0.931 
STAoV0.5723 WlTH STA.NO-SQ30 
O.Fl7 0.191 -0.044 
001Lc3 0.702 0.105 
4.034, -0.934 0.b20 
STA.N0.57?3 b'ITH STAoN0.6047 
0o750 0.057 -0.001 
0.278 0.646 0.025 
0 GO4 0.031 0.145 
STAoNOo5726 WITW ST& oNO.5931 
0.838 0.179 0 0002 
0.149 0.711 -O.OOR 
0.~10 0.('-,4 0.823 
ST ~.YC.5726 WlTH STAoNOo5934 
0.792 0.109 4'. 126 
0.337 0.762 0.051 
-0.055 0 0  104 OoR06 
ST A.NO.5726 WlTti STA.N3.6?37 
0.962 no137 -0.086 
0.246 0.870 0.062 
-0 050 0.044 0 0693 
STA .140.5730 WITH STA -NO. 5935 
0.772 O * l 2 0  0.084 
-0.030 0.905 4 . 1 1 2  
0.033 -0.067 0.782 
STA.NO.5730 W l f t i  STA.NO.CObb 
0.869 -0.029 0.015 
-0.023 0.925 -0.018 
0.008 -0.017 0.950 
Table 5.2-3 (cont'd)  
STA eN0.5732 WITH ST4 oNO.57 33 
0.627 40 199 0 e084 
0.003 0.780 -0.301 
-00 160 6 125 0.790 
STAoNO.5732 WITH STA.kO.6059 
0.582 -0,187 0.075 
0.000 0.731 -00294 
-0. 153 4 3 0  129 0 0764 
*STAeN0.5733 WlTH STA*NOe6059 
0.933 -0,018 -0oCGO 
-0eC21 0,940 4 . 2 1 7  
-0eOOL -0.219 0.966 
STAeNOe5735 WITH STAeNO.5736 
0. 763 0.058 0 e028 
0.258 0.634 0.049 
-0.029 -0.049 0.760 
STAeNO.5735 WITH STAoNOe9029 
0.853 0s 136 -0 0064 
0,142 0.861 0.033 
-0.038 0.060 0.905 
STAeN0.5739 WITH STAoN0.5924 
0.801 0.125 -0,274 
0. 329 0,564 -0e062 
-0.271 0.067 0.491 
STA.NOe5744 WITH STAoN0.5973 
0.926 0.015 -0.291 
0.158 0.932 -0.228 
-0.307 -0.109 0.812 
STAeNOe5744 WITH STAoN0.6016 
0.868 0.132 -0 337 
0,117 0.903 -00 167 
-00 315 -0.168 0.900 
STA.NO.5907 HITH STA.NO.5915 
0.902 0.387 0.458 
0. 120 0.859 0.717 
0. 203 0 79 3 0.894 
STA .NOe5912 WITH STA eNOo600P 
0.600 -0.085 0.120 
Oe005 0.422 0.094 
-0. I 2 7  0.019 0.762 
STA.NO.5923 WITH STAeNO.6016 
0,810 0.156 -0.306 
0.036 0.849 -0,191 
-00 27 5 -0.224 0.750 
STA.NO.5930 WITH STAoNOebO47 
Ow 816 0 8044 -0.113 
0.281 0,697 0.081 
-0.022 0.115 0.792 
STAoNO.5931 WITH STAeN0.5937 
0.794 0.119 0.065 
0.237 00562 6 . 0 3 4  
0.006 -0.029 0.601 
STAoNOe5732 W l M  STAoN3e593R 
0.750 0 043 -0.071 
-0.290 0.014 -0 eO70 
0.041 4 , 2 7 6  0.760 
STAeNOe5733 WITH STA eN0.5941 
0.751 -0.061 0.146 
-0,041 0.765 6 0 2 3 1  
6 . 1 1 1  -3 060 0.886 
*STAoNOe5734 WITH STAeNC.6004 
0.934 6 . 2 8 1  0.046 
-00287 00954 -0 158 
0 055 -0.153 0.967 
*STAeNOeS735 WITH STA eN0.6067 
0e8L17 0 .  139 -0.061 
0.146 00893 0.033 
-0.043 0.041 0.928 
*ST AeN0.5736 WlTH STAeNO.6055 
0.911 00 137 -0.038 
0.130 0.91 1 0.042 
6 . 0 3 7  0.038 0.938 
ST~eN0.5739 WlTH STAeN0.6007 
OeRRO 0.190 4 . 2 5 3  
0 203 0.099 0.002 
-0.243 0.013 01917 
STAeN0.5744 WITH STAoNO.5924 
0.849 0.155 -0.313 
0.044 0.750 -0.074 
-0.390 -00110 0 624 
STAeN0.5907 WITH STAeNO.5911 
0.763 -0 • 202 0.425 
0.236 0.608 0.573 
0.250 0.409 0.599 
STAeN0.5911 WITH STAmNOoS912 
0.587 0,116 0 e367 
6 329 0.273 0.150 
-0.040 0.288 0 • 802 
STAeN0.59?3 WITH STAeNO.6015 
0.793 -0.117 -001Q5 
0.107 0.746 -0.316 
-0 204 4 . 2 5 0  0.689 
ST AeN0.5930 WITH STA.NO.5937 
0.822 0.102 -0.153 
0.370 0.584 0.065 
4 . 0 1 5  0.07 5 0.708 
STAoNOe5Q31 WITH ST A.NO.5935 
0.798 0.033 0 0078 
0.232 0.560 -0.063 
4 . 0 0 5  -0 008 5 0.645 
STAeNO.5931 WITH STAoN0.6047 
0.767 0. 140 0.009 
0.168 Ow645 0.032 
0.000 -0.005 0.782 
Table 5.2-3 ( c o n t ' d )  
STA oNOos933 W11tI 5: A.Nl'.so?4 
0.645 -0.331 -0,170 
0.174 9.837 0000* 
-0.OY3 C).Cbb Owe53 
STA.NO.5933 HfTH STA.NC.5C3P 
0.743 -0.l lP -0.180 
O.lq4 0.7Rt. -0.040 
-0.C56 0.091 0.731 
STA.NC.5934 UlTH S f  A.NP.5935 
0.807 0.16R -0.133 
0. 155 0.816 0.018 
-0. q72 -o.n$? 0 . ~ 9 9  
STA .Nllo59?4 WlTH STA.PXl.593R 
0.905 -0.044 -0.149 
0 0  107 0.925 -0.025 
-0.102 0.052 0.893 
STA.NO.5035 WITH STAo'40.5937 
0. 920 0 - l P 7  . -0.025 
0.097 0.8R4 -0.076 
-0.079 . -0.07.. 0.881 
STAoN0.5935 WITH ZTA.NG.b01? 
Oo6YZ -00@26 0.026 
0.113 0.e30 -0 -072 
0.057 -0. l o b  0.737 
STA.NOo5925 WITH STA.NP.6066 
00 682 -0.076 0.n26 
0.113 3.839 -0.072 
0.057 -C.l05 0.737 
STA.lJC.5941 WITH SfA.fi3.6050 
0 0  709 -0.043 -0.107 
-0 066 0.724 -0.065 
0.135 -0.231 0.R58 
STA.NO.6011 WITH STA.t1C.6059 
0.441 -0 2 54 0.002 
-0.133 0.756 -0.158 
0.037 -0.277 0.219 
STA oN0.6013 WITH STA.NOo6066 
OoQQ9 -0.026 0.004 
-0.025 0.99; -0.02 1 
0.004 -0.031 0.999 
STAoNO.6019 H I  TH STA.NC.Q(rl1 
0.970 -00027 0.120 
-0.024 0.977 -0.254 
0.117 -0.256 0.087 
STA.N(l.6031 WITH STA.h'fl.6060 
0. E47 0.311 -0.166 
0oZ85 00605 -0.137 
-0.108 0.021 0.634 
STA.NC.603P WITH ST A.Nn.6134 
0.808 -0,179 0.211 
-0.052 0.293 -0.032 
0.167 4 . 1 1 2  0.233 
STA.NCl.'.Q37 W l l l l  STAotJOoso37 
0.7'~4 0.141 -0.1 hQ 
0019f' S.67b 0.1 13 
-0.110 0.070 9.7P7 
STAorVOo5QZ3 WITH STA.kr1060k7 
0.61.7 0.213 -0.077 
0.139 0.639 0.137 
-0.107 0 -  13C 0.762 
ZTA.NC.5934 WITH STA.%t?.5937 
0.856 O o Z l b  -0.113 
O.1CZ O.f'bI4 0.075 
-0,174 0.015 OeF57 
STA.NO.Sc34 W lTH S T A  .YO.a047 
0.7IP 0.30L -0 -053 
0. 1D3 0.660 0-1n3 
-0.lOh 0.051 0 -765 
STA.NO.5935 WITH STA.KP.5938 
0.5L3 0.099 -0.093 
0. l C ?  0 669 6 .047  
-0. 158 0 074 0.7RO 
STA.NCo5035 W I T 1 4  STAoNr06n47 
0.792 0.2b6 -0.023 
0.103 O-be? -0 0065 
-0 -079 0 0009 0.7FG 
STA.NOoT9T.7 UlTH STA.tJll.6047 
0.e76 0.225 -0.04R 
0.12s 0.7P7 0.045 
- 0 . 0 7 ~  0. 06n  0.049 
STA.N@.bnO2 WIT14 S l  A.NC.7@43 
0.959 0.030 -0.116 
0.031 0.943 0.264 
4'. 1 l b  0 -264  0.954 
STAoflO.6011 WITH STA.td9.0012 
o.9el -0.242 0.114 
-0.242 0.080 -0.365 
O. l i6  -0.365 0 .c?fi5 
STA.N@.6nl6 WlTH S T A  .tJO.b065 
0.607 0o lC6  -0.407 
0.077 0.790 6 . 2 3 7  
-6.4?6 -0.240 0.60<* 
STA.N0.60?3 WITH STA.riO.6060 
0.829 0.329 -0.199 
0 . 7 P 3  6.802 0.039 
-0.267 -0.095 0.707 
STA.NO.ac*29 WITH STA.NO.6111 
0.807 -0.180 0.21 1 
-0 05 2 0 297 6 . 0 3 1  
0.167 -0.111 0.253 
SfA.YO.6o3B WITH STA.Ntl.9425 
0.770 -0.177 O02OR 
6 .054  0.270 -0.025 
0.162 -0.090 0.210 
Table 5.2-3 (cont 'd)  
l STA.NO.6042 H I  TH STAoNO.9028 
0.965 -0.102 -0.060 
-0.102 0.966 -0.057 
-0.060 -0,055 o.9ez 
*STA.NO.6067 WITH STA.NO.9029 
0.962 0.155 -00022 
0.154 0.965 0.049 
-0.019 0.049 0,976 
l STA.NO.6111 WITH STA.NO.6134 
0.999 -0,312 0.157 
-0.312 0 0999 0.187 
0. 157 0 0  187 0.999 
STAoN0.6134 WITH STAoNOo9425 
0.953 -0 364 0.158 
-0.308 0.937 0.191 
0.159 0.195 0.945 
STA.NO.eO09 WITH ST A.NO.8010 
0.619 0.149 -0.610 
0.047 0.794 -0.168 
-0 593 -0.217 00602 
STAoNO.8009 ~ 1 . 7 ~  Sf A.NC.8019 
0. 551 0.173 -0,550 
0.092 0.777 -0.242 
-0.537 -0.232 0.554 
STA-N0.6010 WITH STA.NO.8019 
0.726 0 -085 -0.682 
0.079 0 0936 -0 303 
-0.701 -0.261 0.760 
STA.NO.8015 WITH STAoN0.8030 
0.591 0.125 -0.561 
0.124 0.787 -0.186 
-0.560 -0.273 0.592 
STA .N@.&019 WITH STA.NO.8030 
01 578 0.i23 -0.551 
0.110 01 I 7 0  -0.179 
-0.553 --C).274 0.581 
STAoNO.9004 WITH STA.NO.3051 
0.551 0.197 -0.518 
0.105 0,136 -0.224 
-0.263 -0.433 0.812 
STA.NO.9004 WITH STA.NO.9426 
0.322 -0.003 -0.267 
0.460 0.811 -0.538 
-0.264 -0.131 0.277 
+ STA.NO.9051 WITH ST9.NO.9091 
0 990 -0.299 4 . 2 0 8  
-0.301 0.998 -0 0383 
-0.207 -0.381 0.991 
STA .NOo9051 WITH STA .NO09432 
0.598 -0.196 -0.530 
00.470 0.809 0.047 
-0.151 -0.334 0.371 
STA.NO.9091 WITH STA.NO.9432 
0.602 -0.196 -0.533 
-0.471 0.810 0.047 
-0.152 -0.335 0.374 
STA.NO.6050 WITH ST A.NO.6061 
0. 109 -0.358 0.106 
0.222 0.840 -0.153 
-0.116 -0.43P 0.314 
l ST A.NO.6068 WITH ST AeNO.9002 
0.977 -0.125 0.175 
-0. 125 0.977 0.140 
0.177 0.142 0.980 
*STA.NO.6111 WITH STAoN0.9425 
0 954 -0.304 0.158 
-o.?nq 0.933 0.191 
0.15" 0.195 0.946 
*STAoNO.7072 WITH STA.NO.9010 
0.964 0.034 -0 0140 
0.035 0.949 0.156 
6 . 1 4 1  0.157 0.967 
STA.NO.8009 WITH STA.NO.8015 
0 0545 0.182 -0.545 
0,095 0.778 -0.236 
4 . 5 3 2  4 . 2 4 2  0.559 
STA.NO.8010 WITH STA.NO.8015 
0.717 0 003 -0.670 
0.083 0.931 -0.296 
6 . 6 9 5  -0,268 0.762 
ST AmN0.8015 WITH STA.NO.8019 
0.950 Om095 -0.707 
0.098 0.986 -0.331 
4 . 7 0 9  -0.310 0 0954 
STA.NO.8015 WITH ST A.NO.9004 
0.593 0.386 -0.335 
0.059 0.788 6 . 3 1 3  
-0.436 4 . 5 3 2  0.556 
ST AoNO.8019 WITH ST A .NO09004 
0 .615 .  0.391 -0.328 
0.064 o .ma  -0.322 
-0.437 -0.540 0.581 
STAmNO.9004 WITH STA.NO.9001 
0.555 0.198 -0.521 
0 307 0.137 -0.225 
-0 264 -0.433 0.818 
STAeNO.9007 WITH STA.NO.QO11 
0.752 -0.oeo 0.167 
-0.006 0.376 -0 0049 
0.058 0.051 0.512 
STA.NO.9051 WITH STA.NO.9431 
0.540 -0 152 -0.528 
-0.523 0.826 0.283 
6 . 1 0 2  -0.354 0.250 
ST A.NO.9091 W IfH STA .NO.9431 
0.543 -0.152 -0.531 
-0.523 0.828 0.283 
6 . 1 0 3  -00355 0.252 
STA.NO.9431 W I ~ H  SfA.NO.9432 
0.808 -0.451 -0.617 
4 , 3 7 3  0.847 4 . 0 8 5  
-6. 750 0.180 0.721 
Table 5.2-4 
S ta t ion  Correlation Coefficients pij . 0.75 





















5.3 Comparisons w i th  Geometric Information 
I n  addi t ion t o  solut ion WN14, two other adjustments bere also performed 
wi th  the same data. The only differences were tha t  i n  one o f  them (WN12) 
the weighted height constraints were not applied; thus the scale i s  
defined through the SECOR, EDM and C-Band data. I n  the other (WN16), the 
EDM and C-Band lengths were not entered as weighted constraints; thus the 
scale i s  through the SECOR and the weighted height constraints. Coordinates 
from solut ion IN16 are not given, only some revealing information i n  a 
sumnary form which can be compared t o  the WN14 resul ts.  
Table 5.3-1 contains the differences between the adjusted and given 
chord lengths (Table 3.3-4) from the three solutions. The l i n e s  or ig inat ing 
Table 5.3-1 
Chord Length Comparisons (Solutions WN12, 14 and 16) 
Iluated - Given t c n d h  I 
- - -  
'Not comt takd  In BU12 and WNI 
from Sta. 4742 (Kauai) are not  l i s t e d  f o r  reasons explained e a r l i e r .  Com- 
paring solut ions WN14 and WN12 the e f fec t  o f  inc luding the heights i s  not 
very s ign i f i can t .  The average length discrepancy decreases 0.48 x i n  
case of the EDM, and 0.60 x 10'6 i n  the C-Band case, both numbers being 
w i t h i n  the noise leve l .  A t  f i r s t  glance the d i f ference between WN14 and 
WN16 seems t o  be s i g n i f i c a n t  since the average length discrepancy increases 
by about 4 x o r  1 :250,000 f o r  both types o f  observations. Close 
inspection, however, reveals t h a t  though the inc lus ion  o f  the EDM and 
C-Band chords i n  the so lu t ion  improves the posi t ions o f  s ta t ions  6111 
(Wrightwood I ) ,  6065 (H. Pei ssenberg ) and 4081 (Grand Turk), i t  does not  
otherwise contr ibute t o  the overa l l  scale determination s i g n i f i c a n t l y .  If 
the above-mentioned s ta t ions  are l e f t  out  from the comparison, the average 
length d ix repanc ies  i n  the WN16 so lu t ion  decrease t o  2.76 x f o r  the 
EDM and 1.81 x 10'6 f o r  the C-Band, both w i t h i n  noise l eve l  from WN14 
(about x 
The above conclusion i s  a lso strenothened by the content of Table 5.3-2 
where the average standard deviat ions o f  the coordinates and the heiohts 
Table 5.3-2 
Standard Deviation Comparisons 
(Solutions WN12, 14 and 16) 
A l l  u n i t s  i n  meters. 
153 
* 













































are col~ipared from the three solut ions.  I t  i s  seen tha t  whi le  the i nc lus ion  
of the weighted heights decreases the standard deviat ions s i g n i f i c a n t l y ,  
the exclusion o f  the geometric scalars hardly changes the resu l ts .  
Table 5.3-3 shows the resu l t s  of a coordinate transformation between 
solut ions WN14 and WN16. Inspect ion of the res iduals on the second and 
t h i r d  pages of  the tab le  shows tha t  they are i n s i g n i f i c a n t  except probably 
a t  the s ta t ions  already mentioned, though even there the discrepancies are 
w i t h i n  o r  near the noise leve l .  The fac t  t ha t  the chords 6003-6111 and 
6016-6065 improve the posi t ions o f  s ta t ions  6111 and 6065 (whi le  the other  
chords have very 1 i t t :e  e f f e c t  on t h e i r  terminal stations; i s  no t  surpr is ing  
once i t  i s  recognized tha t  these l i n e s  are too shor t  t o  be determined we l l  
from observations on PAGEOS . 
Table 5.3-4 contains the r e s u l t s  of the transformation between WN14 
and WN12. The effect of the missing height  constra ints  i s  we l l  recogni tab le  
both i n  the scale and i n  the residuals. 
I n  the tables the ro ta t i ons  w, y and c are about the w, v and u axes 
respect ive ly .  The u n i t  i n  the variance-covariance matr ix,  f o r  the elements 
corresoondi ng t o  the ro ta t ions .  i s  radian squared. 
Table 5.3-3 
S O L U T I O N  FOR 3 T R A N S L A T I O N *  1 SCALL AND 3 ROTLTAON PARAMETERS 
( U S I N G  V A R I A N C E S  W L Y )  
D U  DV OW D E L T A  OMEGA P S I  E P S I L O N  
METERS n u k u s  HEIERS t x 1 . 0 4 6 )  SECONDS SECONDS SECONDS 
VARIANCE - COVARIANCE M A T R I X  
Table 5.3-3 (cont'd) 
RESIDUALS V 
------ - - 
Tale 5.3-3 (cont'd) 
V l r  MU14 J 
-------- 
Table 5.3-4 
Transformation: W12 - M14 
SOLUTl(hl F09 3 TPAYSLATICV~ 1 SCALE AN? 3 ROTATSCW OaQAqFlFQS 
- UL-------------- 
ou W w DELTA WFGA P S I  F P S I L F  
WFTFRS UETFRS WFTERS tXl .D+61 SECOWS SfCO%9S SECCWOS 
-1.02 1.87 4 . 5 3  1-94 0.04 0.0s n.05 
Table 5.3-4 (cont'd) 
Table 5.3-4 (cont'd) 
Table 5.3-5 i s  a height analysis cmputed f o r  the purpose o f  inspecting 
the height residuals from solut ion WN14 which, according t o  the explanation 
offered i n  section 5.1, are mostly the short-wave-length components (6N) of 
the geoid undulation. I n  the table, NOSUGC denctes the quantity HWNl4 - 
MSL - dH, where dH i s  cmputed wi th  uo = -23.2 m, vo = -2.9 m and wo = 2.7 m. 
I n  case o f  a uniform global s ta t ion distr ibut ion,  the average value of 
NOSUGC - NREF should be equal t o  the addi t ive terms from the best fit, 
aa = -13 m. As i t  i s  seen on the ?ast  page o f  the table, t h i s  number i s  
-12.94 m. The root  mean square valtie o f  the residuals i s  k6.42 m. The 
respective numbers from the WN12 solut ion (no weighted height constraints) 
are -1.24 and t13.45 m. From t h i s  i t  seems that  the semidiameter of the 
leve l  e l l i pso id  best f i t t i n g  the geoid (defined through the Nm12 undulations) 
i s  6 378 153.8 +13.5 m, opposed t o  the WN14 solut ion's 6 378 142.1 f6.4 m. 
The proximity o f  these values and t h e i r  noise level  are only indications 
that  the "best" semidiameter o f  the level e l l i p s o i t  ctill needs t o  be 
determined; a t  the present time i t  can only be defined t o  f i t  sane c r i t e r i a  
as i n  section 5.1. 
Table 5.3-6 contains the resu l ts  o f  an independent height comparison 
where undulations (N) from the WN14 solut ion referenced t o  the defined leve l  
e l l i pso id  are compared wi th  those from [Vincent e t  al., 19721 (N,,). The 
quan t i t y  
' HWN14 - MSL - AN = NOSUGC - Aa . 
The average dif ference 1 - NV taken over the stat ions where Nv i s  avai lable 
i s  -0.3 m, and the rms of the residuals -is k6.1 m. Similar comparisons 
w i th  the WN12 solut ion show an average i i f ference of -0.2 m and the 
rms o f  the resfduals o f  216.1 m. 
Table 5.3-5 
Height Residuals (Solution WN14) 
NOSUGC N REF NOSUGC-N R E F  qEZIDUALS 
Table 5.3-5 (cont'd) 
STN. NO. NCS UGC NOSUGC-Y REF RESIDUALS 
Table 5.3-5 (cont'd) 




































NQSUCC-N REF RESIDUALS 
Table 5.3-5 (cont'd) 




































Table 5.3-5 (cont'd) 
NOSUGC N REF NOSUCC-N REF R E S I D U A L S  
AVERAGE S IGMA 
de12940+ C 2  Oe642OD+Ol 
SEMI-MAJOR A X I S  
6378142.06 
Table 5.3-6 
Undulation Comparison (Solution WN14) 
Sta . mff. 
Su. 
Table 5.3-6 (cont'd) 
5.4 Comparisons wi th  Dynamic Solutions 
Table 5.4- 1 i s  a compilation o f  transformation parameters between the 
WN coordinates and those from the dynamic solutions NWL-9D, SAO 111, GEM-4 
and GSFC-73. The method of computing the paraaeters i s  described i n  
[Kumar, 19723. I n  the table the pos i t ive  angles U, q~ and E are counter- 
clockwise rotatfons a b w t  the w, v and u axes respectively, as viewed from 
the end o f  the pcs i t i ve  axis. The scale dif ference f a c b r  A i s  i n  un i t s  of 
ppM. I n  the transformations the variances o f  both sets of the coordinates 
are taken i n t o  account. Taking the variances o f  the WN solutions as standard, 
those o f  the dynamic solutions are scaled by the we~..ht  factors indicated. 
These numbers are also indicat iv ,  o f  the overbptimism over the qua l i t y  of 
some o f  the published solutions. For example, a weight fac tor  o f  25 tvculd 
indicate tha t  the published standard deviations o f  a given solut ion ,~eed t o  
be mul t ip l ied by j% = 5. 
Tables 5.4-2 t o  5.4-5 contain the variance-covariance matrices, the 
correlat ion coefficients, and the residuals a f ter  trlj isformation for  the 
soli, t mentioned above, 
an be observed tha t  there i s  a qood aqreement between the translat ion?? 
e le  nn~, Au-s and Av-s of the main ( a l l  stat ions inclusive) dynamic solutions 
and a discrepancy o t  about 8.5 * 1.7 m wi th  respect t o  the geometric values 
(cee equation 5.1 - 5). The largest  discrepancy occurs i n  the Aw components, 
where there seems to  be a 12.3 * 2.1 m difference between the SAO 111 
and the GEM-4 solutions. El iminating the SAO I11 value, a l l  
A ,  including the geometric one, are w i th in  the noise level.  
The weighted mean s h i f t s  from the main dynarr solutions (excluding 
Aw from SAO I 1  I), or  the coordinates of the geocenter 
Relationships Between Various Dynamic and the WN Systems 
'Dynamic - WN14) 
+WelgP ' Faotor = (12 /bt , ,. 
**See p. 118 for references. 
I 
Welght Factor* 
I I Au(m) 
Av(m) 
A w ( ~ )  
b ( lo-') 
o( "1 
tb ( "1  
C ( " \  
- 
00' 
NW t QD ** 
5000 
12 
1 .5  
1 5 . 6 r l . 6  
13.1 f l . 5  










1 3 . 7 i l . 5  
1 2 , 9 $ 1 . 4  
- 1. 7 $1.9 
0.96M. 11 








1 4 , 5 t 1 , 6  
1 1 . 6 f l . 6  









1 6 8 . 1  
9 . 6 t l . 1  
- 3 . 2 f 1 . 1  
0 26M.05 
0.7OtO. 01 
- 0.15t0. 0: 






1 6 . 9 i l . O  
1 0 . 3 t l . 0  
- 3 . 4 i 1 . 1  
O.ZQM.04 
0.71*0.01 
- 0.15H. 01 





1 6 . 8 t l . 5  
1 2 . 8 i l . 5  









1 0 . 7 i 2 . 1  
1 3 . 6 f 2 . 2  









1 3 . 9 t l . 3  
1 3 . 6 i l . 3  
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Transformation: NM. 90 - WN14 
SOLUTlt la FCR 2 Te4YSLATlOI .  1 SC4LE 4hln 3 PQT4TICW P42AMFTEpS 
------------------------ -- 
DU 0 V  OW DELTA OMEGA P S I  E P S I L m  
METERS METERS HETFRS I X I  .(?+6) SFCDNDS CFCOIQOS SFCmDS 
Table 5.4-2 (cont'd) 
Table 5.4-3 
Transfornation: SAO I11 - WNl4 
V&Rl4'OCF - COVARIANCE NAfP lX  
Table 5.4-3 (cont'd) 
W O Z  




































Table 5.4-3 (cont'd) 
Table 5.4-4 
Transformation: GEM 4 - WN14 
(USING VAQIANCES ONLY) 
ou nv ow D ~ L T A  n n ~ c r  PSI ~ o s ~ t o v  
MFTFRS RFTERS HtTFRS t XI.0+6) SFCCNDS 5FCOVOS SECPCnS 
14.52 11.64 1.91 0.93 4 . 0 2  0. l? 0.17 
VAPIAYCE - CQVARIAYCE HATS I X  
Table 5.4-4 (cont 'd) 
-4.0 35.0 
2n.P - 1 0 . ~  












Transformation: GSFC 73 - WN14 
SOLUTION FOQ 3 IQb'dLATI0*!r  1 SCALE AVO 3 QOTATlPV PAQA*kTrDf 
(USING VARIANCcS ONLY) 
VARIANCE - COYARIAYCF M b l R l X  
Table 5.4-5 (cont'd) 
V1(  UNl4 I V2(  GSFC 73 ) 
-u----- --------- 
wi th  respect ts the WN14 or ig in ,  are l i s t e d  i n  Table 5.4-6. 
Table 5.4-6 
Sh i f t s  t o  the Geocenter (Solut ion WN14) 
The quant i ty  ro = i s  distance o f  the WN14 o r i g i n  from the 
r o t a t i o n  ax is  of the earth. Calcm~lating the same number from the JPL-LS 37 
coordinates of the Deep Space Network (s tat ions EN1 = 4711, DSN2 = 4712, 
DSN4 = 4714, DSN6 = 4742 and DSN7 = 4751) as published i n  [Gaposchkin e t  al . ,  
19733, one gets ro = 25.9 t2.5 m, which value i s  nearest t o  the one 
;alculated from the geometric fit. 
- 
Source 
1 . Dynarri c Cc~npari son 
2. Geometric F i t  (sect ion 5.1) 
3. Weighted Mean o f  1 & 2 
4. JPLIDSN 
The differences i n  scale between the dynamic solut ions are s i g n i f i c a n t  
(see Fig. 5.1-2 fo r  comparison). The la rqest  discrepancy i s  between the 
SAO I11 and GSFC-73 w i th  A = (1.13 t0.12) x which i s  l a rge r  than 
what one would expect from the noise. The other dynamic scales are w i t h i n  near 
noise l eve l  and, 011 the average, d i f f e r  from the scale o f  the WN14 so lu t ion  
by 
A = (0.12 t0.08) x 
o r  about one p a r t  i n  8.3 m i l l i o n .  
18r) 

















The largest discrepancies occur i n  the or ientat ion o f  the various 
dynamic systems w i th  respect t o  each other and t o  WN14. I n  the ro ta t ion  
about the w axis (u), the largest difference occurs between the NWL-9D and 
the GSFC-73 solutions, where u = 1!1, o r  a b u t  34 m on the equator (Fig. 
5.4-1 ). The other differences are smaller but are s ign i f icant .  These 
rotat ions may be pa r t l y  due t o  the de f i n i t i on  of the zero meridian i n  the 
case o f  purely e lectronic systems (e.g., Doppler), pa r t l y  t o  the various 
def in i t icns o f  the vernal equinox i n  the s tar  catalogs used, and also t o  
i t s  motion wi th  respect t o  i n e r t i a l  space, i n  case o f  opt ica l  gbservations. 
The l a t t e r  alone requires a correct ion t o  the FK4 r i g h t  ascensions amount- 
i ng  t o  +0!65 a t  1960.0,changing w i th  a raxe o f  +1!'36 per century [Martin 
and Van Flandern, 19703. 
The rotat ions about the axes u and v are even more confusing. Fig. 
5.4-2 i l l u s t r a t e s  the s i tuat ion a t  the pole. The weighted means of the 
dynamic solut ions are JI = 092  201'02 and E = -01'04 +0!'02. The discrepancy 
between the poles as determined separately from the SAO I11  6000 stat ions 
and then from the 9000 stat ions i s  unexplained a t  t h i s  time. It i s  
in terest ing t o  note tha t  the weighted mean pole and zero meridian posit ions 
computed from the dynamic solut ions hardly d i f f e r  from those o f  the WN14 
solution. 
The only general conclusion tha t  one can draw from the ro ta t ion  param- 
eters i s  tha t  the coordinate systems used i n  the dynamic solut ions need t o  
be more careful l y  defined and conditions enforcing these def i n i  t fons more 
strongly appl i ed than evidenced from the solutions d i  scus=ed. 




Fig. 5.4-t  Dynamic pole positions r e l a t i v e  t o  the WN14 pole. 
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5.5 Comparisons w i t h  Geodetic Datums 
I n  a planning document prepared i n  1966 i t  was shown t h a t  t k ?  variobs 
ountr ies i n  the world use o r  have used 90 d i f f e ren t  geodetic datums i n  
t h e i r  mapping a c t i v i t i e s  [Mueller, 19661. Since many of these datums have 
been t i e d  together w i  t n  ground survey, i t  i s  possible t o  combine them i n t o  
about 20 la rge and/or independent datum blocks (Fig. 5.5-1). The o r i g i n a l  
OSU goal, ou t l ined i n  sect ion 1, ca l  led f o r  a t  l eas t  three we l l -d is t r ibu ted 
t racking s ta t ions  on each o f  these datum blocks. As o f  the w r i t i n g  o f  t h i s  
repor t  t h i s  goal has been accomplished ~ n l y  on the fo l lowing datums: 
Austra l ian (3 s ta t ions)  
European 50 (16 s ta t ions  but mar i n a l  accuracy) 
North American 1927 (21 stat ions 3 
South American 1969 (10 stat ions)  
On the Tokyo Datum there are a lso several stat ions, but only one of them i s  
independently determined i n  t i le WN14 solut ion. I n  order t o  meet the 
o r i g i n a l  rsquirement addi t ional  s ta t ions  o r  observations w i l l  have t o  be 
inclz<zd i n  fu tu re  solut ions i n  the fo l lowing general areas i n  order o f  
preference: Europe, Soviet Unior,, India, Japan, phi lip^'^ s, Cape (South 
Afr ica) ,  Madagascar, New Zeala53, North Afr ica. Observations have a1 ready 
been taken and w i l l  become ava i lab le  w i th in  reasonable t ime i n  Europe and 
North Afr ica.  
Re1 at ionshi  ps between the geodetic datums and the WN1 C coordinate system, 
as re f lec ted from the data included, are sumnarized i n  Table 5.5-1. 
Coordinates given on ly  t o  the nearest meter represent estimated values, whi le 
the  other parameters are the resu l t s  o f  regular  seven parameter transforma- 
t ions.  I n  order t o  reduce the cort.elations between these pa;-amtters, tht: 
ro ta t i ons  and the scale are determined f i r s t  from respect ive d i r e c t i o n  cosines 
and chord distances, ; 0 th  independent of the t rans la t i on  parmeters  
and from each other. I n  a subsequent adjustment, the translat ions are 
calculated while the rotat ions and scale are constrained a t  t he i r  previously 
determined values wi th  weights corresponding t o  t he i r  variances. For 
de ta i l s  o f  t h i s  procedure see [Kumar, 19721. 
If the geodetic coordinates referred t o  any of the datums 1 is ted  are 
t o  be shifted t o  the "best" geocenter, subtract from the Cartesian datum 
coordinates the values au, AV, AW l i s t e d  and add 21 m, 5 m and -2 m (or 
other value. fran Table 5.4-6) respectively. 
The variance-covariance matrix, the coeff ic ients of correlat ion and 
the residuals af ter  adjustment for those datum blocks where three o r  more 
stat ions are avai lable are shown ir: Tables 5.5-2 t o  5.5-8. The datum wi th  
the poorest f i t  i s  the European 50, followed by the South American 1969- 
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Table 5.5-1 (cont 'd )  
'See Table 3.1-3 for datum deeorIptIon and other related laformation. 
'Stntlon8 inclu&d are Tromso (6008). Catanla (6016). Hohenwlssenberg (8065). Wlppolder (8009). Zlrnmemald 
(bolo), mute Provetwo (8016). Nloe (8019). Meudon (8030). San Fernando (9004). Monysos (9OB1) and Hareetun 
(9426). 
S S t a ~ ~ a  Included a re  a s  In Y2 and  ashh had (6015). Malvern (boll), NaInI Tal (BOOB), Shlraa (9008) find Riga (9431). 
' ~ a s o d  on p. 70, Bulletin Ooodeelquc. 107, 1973. 
e~tatlone Included are  Coldetone (1030). Colorado Springe (3400). Vandenberg AFB (4280). Wrlghtwood ti (0134). 
Moses Lake (6003), Edinhurg (7036). Denver (704. and Organ Pee8 (9001). 
'Stattons included nre Blossom Polnt (1021). Fort Myere (1022). E. Grand Forkr (1034). Rosman (1042). Bedford 
(3401). Semmos (3402). Hunter AFB (3648). Abrdeen (3657). Homeetead (3881). Beltsvllle (6002). G ~ n k l t  
(7043). Juplter (7072) and Sudbury (7075). 
'Statlone Lncluded are  as tn 94 and 05 abwe. 
' ~ ~ a t l o n s  Included a re  Braeilia (3414), Asunction (3431). Bogota (3477). Paramarlbe (8008). Qulto (8009). Villa 
Dolores (6019). Natal (6067). Arequipr (BOOT), Curaoao (9009) and Comodoro Rlvadavia (9031). 
Table 5.5-2 
Transformation : Australian Datum - W14 
SOLUTlON FOP 3 TQANSLATI~NI  1 SCALE AND 3 RPTATlCY DARIWcTCRS 
-- ---------I------------ 
(USlYC VAQIANCES ONLY) 
COEFFICfFRTS OF CORRELATION 
Table 5.5-2 (cont'd) 
V 2 (  AUST. 1 
Table 5.5-3 
Transformation : European 50 Datum ( W )  - WN14 
SCALE FACTC'V b Y 3  Q@?ATI@V PAPAf4ETtQS CC\STQRIYF"  
------------------------------------------ 
SOLUTIOY FOR 3 T R A Y S L A T ~ @ V I  1 SC9LF 4 N 3  3 p b l A T 1 Q V  DAP&YFTcoS 
-I----------------------------------*---- 
( U S I N G  V A S I & N C E S  O N L Y )  
OU OV OW OFLTA OMEGA P S I  F P Z I L O N  
METERS METERS P E T E q t  ( X 1 . 0 + 6 )  SFCONDS 5FCPVnS fECONOS 
VARIANCF - COVAP14NCc WbTQlX 
Table 5.5-3 (cont'd) 
V Z t  EU-SOU) 
Table 5.5-4 
Transformation : turopean 50 Datum - WN14 
SOLUTlOY FOR 3 1PAVSLATlC 'hr  1 SCALE AND 3 R O T A T I C N  0 4 Q L P I T T F Q S  
------------------------------------ 
DU DV 0~ D E L T A  OCFCA @ S t  E o S l L F N  
METERS METERS METERS txi.3+61 SFCOYDS S F C F W ~  srrcwos 
134.32 152.68 146.60 -7.24 -0.41 0.27 -0.51 
Table 5.5-4 (cont'd) 
Table 5.5-5 
Transformation : NAD 1927 (W)  - WN14 
SCALE FACTCOR 4 4 0  9 0 T A T  l f W  PARAMETERS C O h ( S l O C l N ~ @  
------------------------------. -- -- --
( U S I Y G  VARIAYCES ONLY) 
OU DV OW DELTA OWFCA O S I  F P S I L O Y  
METERS METEns HETEQS txi.~+i) SFCOYDS SFCONDS S F ~ ~ N C S  
30.60 -170.28 -134.88 -7.91 0.21 0.59 -0.45 
C O F F F I C l F N T S  OF CORRELATION 
Table 5.5-5 (cont'd) 
Tabie 5.5-6 
Transformation : NAD (E) - WN14 
SCALE FbCTOl AY9 ROTbTlFY PAQAMET ERS COYST RLlVEO 
- - - - -  
S M U T I O N  FOR 3 TSAVSLAT ION. I SCALE AND 3 P O T I T I G Y  OARbMFT fn5  
(USING VbRIA ICES ONLVl 
DU DV DM W L T h  OnECA P S I  CPSILI IV  
VET ERS WFTFRS LFT FRS lX1.0+61 SCCOKnS SECONOS SCCOWS 
56.37 -144.64 -196.45 2-15 I .  -0.n1 (1 -54 
VARIANCE - COVARIANCt M 4 T p I X  
COEFFICIFNTS OF CORPSLATI@N 















Transformation : NAD 1927 - WN14 
)CALF FICTOD 4 9 0  PCTAT 1W PAQAMETEPS C 3 4 t T P A t Y F D  
- - - - - - -- - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
S O L U T I W  FOD 3 TQAYSLAllC'V* 1 SCALE A W  3 9 0 l A T l ' W  P b ~ t W F T ~ S  
DU @V DY DELTA O n K A  P S I  F P S I L W  
HFTERS I I FTFPS IIETERS tXl .O+b) SECONDS S E C W m  S ~ C O V ~ S  
VARIANCE - COVAl l lANtF MATRIX 
COEFFICIEYTS OF C O ~ Q E L A T I O N  
Table 5.5-7 (cont'd) 
Table 5.5-8 
Transformation : South American 1959 Datum - WH14 
SCALE FACTOQ Akc) QMATlCih' PASACclERS CC*'STQAlF@cn 
- - - - - - - - - - - -  
SOLuTlON FOP 3 TQAYSLA11ON~ 1 SCALE Ah)[)  3 00TATlnF! D A O A Y c f ~ S  
------------W--L-------- 
(USING VbR IANCES ONLY I 
D U  @V W DELTA tMECA P S I  E P S I L P N  
MFTFRS MFTERS METERS 4X1.0+61 SFCONDS SN@*S6S SFCOWS 
54.37 29.98 42.92 6-67 4 - 6 3  C.17 4 - 1 2  
V I R l & Y C F  - COVLRIAYCE MATRIX 
T6ble 5.5-8 (cont'd) 
6. SUMMARY AND CONCLUSIONS 
The OSU WN14 solution i s  a geometric adjustment for the coordinates 
o f  158 tracking stations. 
The coordinate system i n  which the coordinates are presented i s  oriented 
towards the Greenwich Mean Astronomical Meridian (u axis) and the Conventional 
International Origin (w axis), as both defined by the Bureau International 
de 1'Heure. The v axis forms a right-handed system with u and w, and with 
the former defines the average geodetic equator. The coordinates o f  the 
or ig in  with respect t o  the geocenter are suggested t o  be uiN14 = -21 m, 
0 0 VWN14 = -5 m, WWN14 = 2 m. 
The scale i n  the solution i s  defined through SECOR observations and 
weighted height constraints. Chord distances derived from C-Band radar 
observations and from electronic distance measurements (geodimeter and 
tel luroneter) are also included as weighted constraints, but they seem t o  
have very 1 i t t l e  or no effect. The main reason that the SECOR observations 
are successfully u t i l i z e d  (perhaps fo r  the f i r s t  time) i s  that the ill- 
conditioning ar is ing i n  quadrilateration when the four stations l i e  near 
a plane (which i s  always the case with SECOR) i s  eliminated by "pinning 
down" the stations to the geoid through the height constraints and the 
directions defined by the optical observations from the collocated stations. 
The scale i n  the solution i s  such that when the coordinates are trans- 
formed t o  a geocentric rotatianal e l l ipso id  o f  a = 6 378 142 m a3d l / f  = 
298.25, they produce geoid undulations consistent with dynamical l y  
determined ones with k2M = 3.9860092 x 10 "9# ~ e c - ~  and ye = 978.U326 cm seC2. 
The consistency o f  the solut ion i s  represented by the average standard 
deviation i n  a Cartesian coordinate of +3.9 m, and i n  height o f  t2.9 m. The 
correlat ions between the coordinates of a given s ta t ion and those between 
d i f fe ren t  stat ions are low, except a t  those nearby stat ions where the 
re l a t i ve  posit ions are maintained a t  the surveyed values w i th  weighted 
constraints. 
Comparisons w i th  the EDM chords show an average agreement o f  1 :575,000, 
w i th  1 :2,700,000 a t  best and 1 :330,000 a t  worst. The average agreement 
w i th  the C-Band chords i s  1:1,000,000, varying between 1:2,100,000 and 
1 :525,000. The scale agreement w i th  the dynamic solut ions on the average 
i s  1:3,600,000, w i th  1:1,000,OCO a t  worst and 1:5,900,000 a t  best. 
Comparisons w i th  coordinates from dynamic sate1 1 i t e  solut icns show 
s ign i f icant  inconsistencies i n  the or ienta t ion of the coordinate systems 
which need t o  be resolved. The residvals a f t e r  transformation are a l l  
w i th in  the noise level.  
Table 6.1 i s  a summary of the Cartesian coordinates from solut ions 
WN12 and WN14. As mentioned e a r l i e r  the former d i f f e r s  from the l a t t e r  
only i n  tha t  i n  i t  the heights are not constrained. The scale i n  WN12 i s  
such tha t  when the coordinates are transformed t o  a geocentric ro ta t iona l  
e l l i p so id  of a = 6 378 154 m and 1 /f = Z38.25, they produce geoid undula- 
t ions consistent w i th  dynamically determined ones wi th  k2M = 3.9860089 x 
10 l4 seC2 acd ye = 978.0285 cm sec2 .  For various comparisons between 
solutions WN12 and WN14 see Tables 5.3-1, 5.3-2 and 5.3-4. 
Comparisons wi th  geoid undulations from sate1 1 i t e  and surface gravimetric 
solutions i n  case o f  the WN14 solut ion show an rms residual o f  k6.1, w i th  
an average of only -0.3 m. Similar comparison wi th  the WN12 solution, 
where the heights are not const ra i~ed,  shows tha t  the rms of the residuals 
i s  r16.1 m, and the average -0.2 m. 
Comparisons w i th  survey coordinates resu l t  i n  sat isfactory transforma- 
t i on  parameters f o r  the NAD-1927, the Austral ian and the South American 
1969 datums, and marginal ones f o r  the European 1950 datum. 
I n  order t o  f u l f i l l  the "three s ta t ion per datum" general requirement for 
the other major datum blocks, addit ional observations are needed from 
Europe, the Soviet Union, India, Japan, the Phil ippines, South Africa, 
Madagascar, New Zealand and North Africa, i n  order of preference. 
Table 6-1 
Surnary o f  Cartesian Coordinates (Solutions WN12 and WN14) 
-.--------------------------------------------------------------------------------------- 
I S T A T I O N  1 S 0 L U f I 0 N UN-12 I S 0 L U 1 I 0 PJ UN-14 
I--------------{---------------------------------I-------------------------------------------- I I 
I NO 1 N A M E  I U v Y a" 0. 0. I u v Y a# a. 1 
--------------------------- 
I I I 
I I 0 2 1  I BLOSSOM Pi?INf ! 111RO21.8 -4876331.7 
I 1022 I FORT MYERS . 807850.8 -5b5200C.O 
I 1030 I GOLOSTCkE 1-2357249.2 4 6 4 6 3 4 6 . 4  
I 1032 I ST. JOHN*S 1 z b o 2 ~ n 4 . 3  -3419179.7 
I 1033 I FAIRBANKS !-22C9192.3 -1445600.5 
I I 0 3 4  I E. GRANO FORKS I -521708.3 4 2 r 2 0 1 4 . 9  
I 1042 I RCSMAN I 647405.9 -5 1779-8 .n 
1 3106 1 AhTlGUA 1 2881840.5 -5372180.7 
I I I 
1 3334 I STONFVILLE 1 -84919.1 -5327981.3 
I 3400 I CCLOWADO SPRINGS I-1275239.4 -4798062.9 
I 3401  i BFWORO 1 1513134.8 4 4 6 3 5 8 0 . 1  
I 3402 I SEWES 1 167256.1 -5481980.4 
I 3404 I SbAN ISLANO I 642485.7 4 0 5 3 0 4 2  .C 
I 3403 I GRAND TURK I 10lQSP2.1 -5121096.5 
I 3406  I CUkACAO I 2251802.9 S 8 l b 9 2 9 . 0  
I 3407 I TRINIDAD I 2979e92.9 - 5 ~ 1 3 5 3 2 . 6  
I I I 
1 3413 1 NAlAL t 5181366.4 -3654725.1 
I 3414 I RRASILIA I 4114967.8 4 5 5 4 1 4 8 . 5  
IU ! 3431 1 ASUNClON 1 309305h.l -4P70100.4 I 3476 I PAaArrRIfic I 3 6 2 3 2 ~ 3 . 6  -521~213 .7  
I 3477 I e o w r ~  ~ 7 ~ 4 ~ ~ 0 . 6  +11s3(rs.6 
I 347e I W A ~ A U S  I 31857h5.S -5514576.5 
I 3499 1 CUllO I 1280834.0 -b25OYbb.2 
1 3648 I HUhTER AFI  1 832562.6 -5949533.4 
I I I 
1 3657 1 AbERbE.N I 11867Pb.l -6785205.1 
I 36bb I hCFESlEA0 1 961766.7 -5679130.6 
1 3902 1 CHLVtNYE 1-1234t84.4 4 6 5 1 2 3 5 . 9  
1 3903 1 hlRhDcN I lr 'bPato.0 4 8 4 2 9 7 3 . 2  
I 4050  I PRClGRIA I 5051LI4.A 2726601.6 
I 4061  I ANTIGUA I 2C81504.5 -5372540.2 
I 4 0 8 1  I GSr%O TURK 1 19204FQ.* 4 6 1 0 4 2 6 . 1  
I 4082 I PtHRlTT ISLANO I 910567.9 -5539130.2 
I I I 
1 4280  I VANOENBERC AFB 1-2671883.7 4 5 2 1 2 1 7 . 3  
1 4740  I PCkSilDA I 230PtR8.6 +874314.B 
I 5001  1 t*€KNOClrc I lOebP74.4 -4P47954.9 
I 5 2 6 1  I MOSES LAKE I-2127810.4 -3785912.3 
I 5410  I KIOWA* lSLANDS I -501R7~4 .5  -258231.5 
I 5048 I F W T  STEYART 1 794687.3 -5360063.1 
I 5 7 r z  I PARAWARIEO I 3623307.1 -521*190.5 






















































































































































































































































































































































Table 6-1 (cont'd) 
I S T A T I O N  I---- 
I No I N A N €  
----- 
I I 
1 7 0 3 6  1 EDlNRURG 
I 7 0 3 7  I COLUMBIA 
I 7039 I 8 E W W 4  
I 7040 I S4N JUAN 
I 7043 I dREENCELT 
t 7065 I O t M l E R  
I 7 0 7 2  I J i i P l T f R  
f 7 0 7 5  ! SUDBURV 
I MIhGSTON 
YIP.-T)LDER 
I ZI rOl tRYALD 
I NALVERN 
n w T E  PRWENCE 
N I C E  
I PEWON 
CUCAN PASS 
O L I F A # l S F O N T € I N  
SAW FERNANDO 
I TOKYC 





I V I L L A  O A O R E S  
I R4U1  
I notnr HOPRINS 
I A 0 0 1 S  4 0 4 0 4  
I kATAL 
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APPEND I X
Information pertinent t o  the bM12 solution may be found i n  
sections 5.3 and 6. 
Tables corresponding to  those i n  the Appendix, but for the 
solution WN14 (heights constrained), are 5.2-2, 3 and 4, on pp. 
124 - 157. 
Coordinates and s ta t i s t i ca l  information for solution W l 6  
(no EDM and C-Band scalars) are not given. For various comparisons 
with solutions WN12 and MU14 see section 5.3. 

Table A - 1 
Cartesian and Geodeti c Coordi nates 
(Solution WN12, Heights not Constrained) 
u,v, w ' Cartesian coordinates in meters (Orientation: u 1 the Greenwich 
meridian a s  defined by the B.I. H. ; v - X = 90° (E); w I Conven- 
Ucmal International Origin). 
@,A Geodetic latitude and longitude in angular units (degrees, minutes 
and seconds of arc) computed from the Cartesian coordinates and 
referred to a rotational ellipsoid of a = 6378155.00 m and 
b = 6356769.70 m. 
H Geodetic (ellipsoidal) height in meters referred to the same 
ellipsoid. 
%,o.,cr, Standard deviations of the Cartesian coordinates in meters. 
o ~ * u ~  Standard deviations of the geodetic coordinates in seconds of arc. 
UM Standard deviations the geodetic height in meters. 
a., A., r. Altitude (elevation angle), azimuth and magnitude of the major 
semi axis of the e r ro r  cllipsoid, rcspcctiveiv. Angles in degrees, 
magnitude in meters. A1 titude i s  positive above the horizon. 
Azimuth i s  positive east reckoned from the north (see section 
4.74). 
ab, A, r b  Same as  above for the mean axis of the e r ro r  ellipsoid. 
a,, A,, rc Same a8 above for Ute minor axis of the e r ro r  ellipsoid. 
2 P I N G  FACE BI&X NOT 
Table A - 1 (cont'd) 
Table A - 1 (contld) 
Table A - 1 (conttd) 
Tabla A - 1 (contld) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (contld) 
Table A - 1 (collt'd) 
Table A - 1 (contld) 
Table A - 1 (contra) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (contld) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (contld) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (cont'd) 
Table A - 1 (contld) 
Table A - 1 (cont'd) 
Table A - 2 
Stat ion  to  Sta t ion  Correlation Coefficients , l i  0.75 
(Solut ion WN12) 
STA.YO.llO6 W lTH STA."'3.4061 
0.961 -0.079 0.021 
-0.085 0.969 4 - 3 5 >  
0.026 -0.351 0.973 
STAoN0.3406 W lTY STAeVO.QOOo 
0.978 -0.1?6 -0.141 
-0.127 C.9eb -0.272 
-0.143 -0.277 0.WE 
STAoN0.3413 UlTH STA.YO.57?5 
0.942 -0. 151 -0 0076 
-0.153 0.019 -0.005 
-0.096 -0.015 0.934 
ST A.NO.3413 WlTH STA.2G.bO55 
0.767 -0.066 0.019 
0.055 0.716 -0,001 
-0.040 -0.069 0.750 
STA.NO.3413 HITW SlA,';Cl.~OZo 
OoQ70 .-0,14i -0.ObP 
-0 143 0.959 0 004 
-0.067 0.004 C.966 
STA.NO.3476 WITH STb,Y0.5735 
0.774 -0.194 -0.023 
-0.135 0.542 -6.107 
-0.217 -0.002 O.bQ7 
STA.NO.3476 WITH STA.K0.600@ 
0.985 -0 380 -0.093 
-0,381 0.9A5 -0.131 
-C.002 -0.130 0.987 
STA.NO.3648 WlTH ST9oNOo564F 
0.990 -0.601 -C.016 
-0.001 0.993 ' -6.320 
-0.018 -0.320 0.994 
STA.YO.4050 HlTH ST IoVO.COOZ 
0.966 0.147 -0.2 OQ 
0.145 0.9 50 -0.1 25 
-0.212 -0.128 0.977 
STAeN0.40F2 WITH STAoh0.40!C; 
0.793 -6.085 0.009 
-0.060 0.865 -0.359 
-0 008 -0035R 0.863 
STAoN3.4280 HITH STAokO.6134 
0.702 0.065 -0.12h 
0 -06 P 0071P -0 30v 
-0.139 -0.3 20 0.778 
STAmV0.4740 W lTH ST A.YO.7039 
0.953 -0.215 0.013 
-0.211 0.077 -0.341 
0.01 1 -0.360 0.974 
STA.YO.5001 WlTH STA.N@.5911 
0.803 -0.140 C.216 
-0.356 0.931 -0.48b 
0.265 -0.392 0.897 
STA.NO.3405 U l  T w  STA.NO.4ORl 
0 -950 -0.112 0 144 
-0.121 0.979 -0.378 
0.15.8 -0.3 78 0 -97 2 
STA.VO.3413 WITH STAoV9.5712 
0.772 -0.121 -0.106 
-0.176 0.524 0.01R 
-0.012 -0.088 0 -677 
STA.NO.3413 WITH STA .NO05736 
0*7Yl  -000@9 0 -029 
0.054 0.754 -0.006 
-0.042 -0.068 0.769 
STA.NO.3413 W l  TH STA oY0.6067 
0.985 -0.145 -0.069 
-0, 144 0.979 0 -003 
-0 069 0.003 0.983 
STAeNOo3476 W1 TH STd  ,YO06712 
0.943 -0.377 -O.OO? 
-0.369 0.940 4 . 1 2 7  
-0.060 -0.123 0.949 
SfA.Nrj-3476 WITH STAoYOe5912 
0.757 -0.289 -9.120 
-0,440 0.616 -0.076 
0101 3 -0.188 0.733 
STA.KC.3499 WITH S T A  .R0.60C9 
1.000 -(r00b5 0 -066 
-0,065 1.000 -0.201 
0.066 ..0.201 1 .OOO 
STA.NO.4050 UITt' STA.NOe6069 
0 005 3 O0'4Q -0.211 
0.146 0.935 -0.126 
-0.214 -0.132 0.970 
STAeN0.4082 WITE fTA.NO.7072 
0 77 3 -0.083 0 e000 
-0,058 0.857 4 - 3 5 ?  
-0.009 -0.357 . 0.850 
SlA.N0.42@0 WlTH STA.NO.6111 
0-702 0 0065 6 .126  
0.068 0.7 19 -0 304 
-0.138 -0.318 0.778 
STAoN0.43eO WITH SlA.NO.9425 
0.726 0.065 4 . 1 2 1  
0.066 0.741 4 . 3 0 0  
6 . 1 3 4  -0.321 0 -795 
STAmYO.5001 W l  TH STAeN9.5907 
0.877 0.094 0-000 
0.136 0,963 -0.545 
0.145 -0.395 0 -939 
STAoN0.5001 WITH STA.NO.5912 
0.652 0.049 o . l e t  
-0 .Oh6 0.752 -0.597 
-0.213 0.054 0 0794 
Table A - 2 (cont'd) 
STA.NO.5001 W l T H  STA.%D.5Q14 
-0.517 0.065 -00012 
-0.075 -0.PO2 0.242 
0.159 0.185 -0.5A9 
STb.VO.5201 WITH STA.NOot003 
0.929 0.201 -0.129 
0.189 0.935 -0.157 
-0.126 -0.367 0.961 
STA.NOo5410 W l T H  STAob0.5941 
0.790 -0-?20 0.103 
6 . 0 3 2  0.796 -0.140 
0.140 -0.119 0.849 
STAoNDo5410 WITH STAoYOo606C 
0,788 -0.ODE -0 003 1 
-O.lR(. 0.779 -0.109 
0.023 -0.164 0-821 
STA.YOo5712 W l T H  STA.V0.~912 
0.803 - -0.303 -0.114 
-0.440 0.655 -0.073 
0.017 -0.1';4 0.764 
STA.NO.5712 WlTH STA.RG.6067 
0.784 -0.17P -0.013 
-0.123 0.535 -0.080 
-0.199 0.019 0.689 
STA.NO.5713 !I 1TH S T  A.'l3. c73Q 
0.997 -0.OOP 0.250 
-0.009 0.997 -0.226 
0.250 -0,225 0.998 
STAoN0.5713 W lTH STAoVO.6007 
00937 -0.007 0.243 
0.004 0.938 -0.227 
0.243 -0.224 0.966 
STAoYOo5715 W1TH STAo%0.5736 
0.622 0.13h 0.201 
0.056 0.830 -0.105 
0.201 -0.110 0.731 
STA.NO.J~~~  W l T t T  STA.kC1.6055 
0 eh16 0.135 0.190 
0.0a1 o.eio -0.105 
0.193 -0. 103 0.709 
STA.IY0.5717 W I T t f  STb .%C1.5720 
0.7'; 1 -@*OQ5 0.029 
0.185 0.844 -0.087 
0.108 -00 140 0.a29 
STA.YO. 5717 U J 1H ST A .NO. 5023 
0.626 -0.015 -0.056 
0. I ?  1 0.807 -0.162 
0.030 -0.200 0.704 
STA.NO.5717 '*llTH STA.NO.6016 
0 -567 0.080 -C .044 
0.093 0.773 -0.177 
-0.00 1 -0.164 0.686 
STAoN0.5001 W I T t 4  STA.YO.5Q15 
OoP46 0.127 0 -091 
0.062 0.918 -0.612 
0.015 -0.236 0 -914 
STb.VO.5410 WITH STA oNOo5730 
0.835 0.004 -r)o030 
-0.195 0.812 -0.105 
0.031 -0.166 0.8 47 
STA.NO.5410 W l T H  STA.NO.6012 
0.788 -0 008 -0.031 
-0.166 0.779 4,109 
C.023 -0.166 0.821 
STPoNO.5712 W I T H  S T 4  .\C.57?5 
0.818 -0.200 -0.008 
6- 126 0.577 -0 • 101 
6 .223  0 004 0.731 
STAoN0.5712 WlTH STA.W0.6000 
0.957 -0.395 -0.079 
-0.3E4 0.955 -0 0 124 
-0.090 -0.128 0 -962 
STA.NU.5712 W l T P  STA.NO.9029 
0.772 -0.175 -0.012 
-0.122 0.524 -0 0087 
-0.196 0.019 0.677 
STA.:JO.S~ 1 U ~ T H  ST4.KO.5934 
0.842 0,127 0-080 
0.188 0.604 -0.050 
0.13P -0.019 0.635 
ST A.YO.5715 WITH STA.Y0.5717 
0.613 -0.006 0 0 047 
0.103 0.776 4 -087 
0.132 -0.163 0.728 
S TA.NO.5715 WllH STA .NO05925 
0.776 0 047 0.125 
OoOQ7 0.808 -0 ,091 
0.103 -0.136 0.840 
STAoVO.5715 W I T H  STA.VC.6063 
0.915 0.10P 0.117 
0.109 0.938 -0.121 
0.125 -0.116 0.951 
STAoNU.5717 W l  lH STA oN0.5744 
0.610 0.073 -0 -065 
0.065 0.811 -0.187 
-0.008 -0.160 0.7 16 
STA.'4@.5717 WITP STA.NO.5925 
Oo655 0.156 0.100 
-0 060 0.749 -0.168 
0.030 -0.091 0.767 
STA.NO.5717 W I  TH STAoN0.6042 
0.726 -0.086 0 -027 
0.183 0.821 -0o091 
0.101 -0.188 0 -8 11 
Table A - 2 (cont'd) 
STA.NO.5717 W 1TH STboU@.9028 
0,724 -0oOP7 0.027 
0.184 0.8?0 -00090 
0.102 -C01R7 OoE10 
STA.NO.5720 W 1 TH STA.h;L.o4028 
0 ,962 0.086 0.00'r 
0.086 (7.966 -0.154 
0.010 -0.195 0.975 
STAeVDo5721 U lTH STA.%C.5923 
0.895 00222 0.093 
-0,056 0,867 -o.ton 
0.064 -C.159 0.815 
STA.RO.5723 W ITF S T  A.kC.5726 
OoR54 -0.136 -0.112 
0 207 @of320 OoOPO 
-0.045 O.OF3 0.@31 
STA.N3.57?2 U l T H  SlAoNC.SQ?l 
* 0.924 -0.2 17 . -O.l*l 
0.089 '0.911 0.082 
-0.120 0.141 0.917 
STA.Nfl.5723 Wl fh  STA.VC.6047 
0.812 -0.13% -0. 10'4 
0.197 0.785 0.076 
-0 -046 0.077 C. 6DC 
STA.NU.5726 W iTH 5TA.NO. 5931 
0.874 0 -061  -0 0058 
4 . 0 3 4  Oo817 0.062 
-0 09 6 0.112 0,860 
STA .NO. 5726 WlTH STA.YO.5934 
0.844 -0.127 -0.175 
0.220 0.832 3.031 
-0.055 0.104 0.339 
STA*Y0.5726 WITH ST A.Vfl0 5937 
0.074 -0.075 -0.155 
0.088 0.925 0 070 
-0.09 1 0.081 0.919 
STA.kO.5730 WITH STA.NO.3935 
0.840 -0,001 -0.037 
-0.204 0.922 -0 106 
-0.n84 -0.194 0.82Q 
STA.YO.5730 WITH STAoN3.6012 
0.942 -0. 160 -0 104 
-0.161 0.952 -0.000 
-0.119 -0.073 0,065 
SfA.NO.5732 WITH ST4 oVO.5733 
0.783 -0.1 b0 0,147 
0.057 0.t 34 -0.371 
-0. 067 -0.239 0. e ~ i  
STI.YO.5732 WlTH STb.YO.593A 
0 0839 0.023 -0.047 
-0.393 0.8 5 0  -0.117 
0.136 -0.321 0.781 
STAoNO.5720 WITH STA.NO.6042 
0.962 0.086 0 009 
0.085 OoQ66 -9.154 
0-010 -0.156 0.975 
STAoN0o572 1 WITH ST- .Nn. 5744 
0.704 0.240 0,059 
-0.101 0.781 -0.191 
0.038 -6.162 0 -700 
STAoNC.5721 WllH ITAoYO.6015 
0.920 0.040 0.099 
0.021 0.94; -0.130 
0.092 -00  113 0.961 
STb.Y0o5723 W 1TW STA.V0.cQ30 
0.862 0.054 -0.122 
0,083 OoR13 0,129 
-0.095 0.007 0.858 
STA.NO.5723 WlTH STA .%0.5937 
0.786 -0.177 -0.086 
0.284 0.669 0.011 
6 . 0 2 7  0.056 0.708 
STA.kO.5726 H l l H  STA.NC.59fO 
0.929 0.206 4 0069 
-0.119 0,857 6.146 
-0. 1 P O  0.097 0.872 
STA.KO.Sf26 ClTh STA,l!!0.59?3 
0.834 -0.019 -0.147 
0.120 OoRll 0 1-14 
-0 0090 0.137 0.855 
STAoY0.5736 WITH 514 .Nfl05Q25 
0.905 -0.117 -0.172 
0.141 0. t34 -0 -007 
-0.065 -0.009 0.862 
ST b .~0 .5726 WITH STA .V0.6047 
0.947 0.002 -0.112 
0.003 0.955 0.130 
-0.169 0.126 0 0966 
STA.ND.5730 H I  T H STA .Kn. 5937 
o.cst a.oe9 o .oo* 
4 . 1 5 8  0.775 -0.114 
-0.109 -0.141 0.636 
STA.NO.5730 WITH SfA.ND.6U6b 
0.941 -0. 160 -0.109 
-0.161 0.952 a .oao 
-0.119 -0.07 3 0.965 
STAoY0.5732 WITH STA.Y0.*9?4 
0.673 0.078 -0.109 
-0.300 0.752 -6 0004 
0.065 -0.267 0.604 
S T  A.YC.5732 W l l H  S T A  oN0.6059 
0.759 -0.146 00111 
0.057 0.7QQ -0.366 
-0.06 7 -0.739 0.871 
Table A - 2 (contld) 
STAoN0.5733 WITH STA.NO.SC41 
0.836 4 .055 0.124 
0.044 0.815 -0.297 
-0.095 -0.169 O.QO2 
SfA.VCt.5733 MlTH SlA.VQ.6059 
0.974 0.030 C002R 
0.031 0.Q50 -0 304 
0.030 -0.303 0.976 
STAoNfJ.5734 WITH STAoh0.6004 
0.952 -0.305 -0.146 
-0.31 1 0.963 -0.116 
-0.137 -0.110 0.979 
STA.YO.5725 W lTH S l  A.XCl.t900 
0.785 -0.137 -0.219 
-0.197 0.551 -0.001 
-0 -02 1 -0.107 0.707 
STA.YO.5735 ' W  1TH S T A  . q~ . t0h7  
0.956 '-0.157 -0.087 
-0.153 e.939 -0.015 
-0.077 -0.005 0.951 
STA.NU.5736 WiTH STA.YC.6055 
0.955 0.014 -0.OOP 
0.005 0.944 -0.027 
-0.002 -0.035 C.957 
STA.NO.5736 HlTY STA.YO.6067 
0.803 0.055 -0.042 
-0.091 0.770 -0.069 
0 0030 -0.005 0.782 
STA.NO.57?9 W lTH STA.NO.5Q24 
OoP43 0.127 O e O R O  
0.189 0.604 -0.009 
0.131\ -n.n19 0.635 
SlA.Y?.5144 Y lTH SIEoV(J.5973 
0.944 0.083 0.05: 
0.746 0.954 -0. 137 
0.077 -0.153 0-88R 
STA.YO.5744 Wl lH  STA.Kn-t.015 
0.765 -0.075 0.037 
0.229 0.756 -0.159 
0.052 -0.176 0 699 
STAm%2.5744 W lTH STX.Y@.t065 
0.743 0.1E3 C.036 
0.155 0 . ~ 1 4  -0. 129 
0.044 -0,145 0.7 77 
STA.V3.5907 WITH ~~1 . ' ~3 .5912  
0.608 0.258 0.143 
0.026 0.778 -0.563 
-0.213 -0.052 0.784 
SfA.NO.5911 WlTH STA.WO.5912 
0.649 -0.28P 0.389 
-0.229 0.712 -0.503 
-0.131 -0.107 0.886 
STA.NO.5733 WITH ST 4.N0.6011 
0.670 -0.040 4,108 
-0.112 0.7@0 -0 . 34(! 
0.016 -0.250 0.317 
STA.VO.5733 WITH STA .V0.9012 
0.664 -0.042 -0.107 
-0.113 0.768 -0,348 
0.016 -0.248 0.313 
STA.YO.5735 H l l H  STA.Nn.5736 
0.835 . -0.096 00025 
0.071 0 . ~ 1 0  -0.019 
-0.049 -0.076 0o807 
STA.YO.5735 WITH ST4 .Y3.6n55 
0.808 -0.071 0.014 
0.071 0.768 -0 00 15 
-0.047 -0.077 0 0784 
ST A.VO.5735 WITY 5 ~ ~ . ~ 0 . 9 0 ; 9  
0.942 -0.155 -0 .OR5 
-0.152 0.91'' -0.014 
-0.075 -0.004 0.974 
STA.NO.5736 WITH STAeNO.6063 
0.605 0.031 0.190 
0.115 0.791 -0.109 
0.166 -0.OE9 0 707 
STh.VO.5736 WITH ST4 .VO.Q029 
0.791 0.053 4 0041 
-0 090 0.754 43.067 
0.030 -0.004 0.769 
ST A eN0.5739 W 1 TH S l A  .NO. 6007 
0.934 -0.007 0.243 
0.004 0.935 -0.226 
3.243 -0.223 0 -964 
5TA.NO.5744 WlTH SlA.NO.5914 
O . P R ~  0.2in 0.053 
0.093 0.824 -0.084 
0.91 3 -0.076 0 760 
STA.KO.5744 WITH STA.NO.6Olh 
0.923 0.195 n .(re9 
0.154 0.441 -0 104 
0.095 -0. 114 0.955 
STA.YO.5907 WITH S T A ~ K O ~ 5 0 1 1  
0.663 -0.035 0.217 
-0.295 0.855 4 -440 
0.205 -0.412 0 0840 
STA.VO.5407 WITH STA.YO.5915 
0.932 6.393 0.02R 
0,171 0.969 -0.6 19 
-0*060 -0.380 0 eQ74 
STAoYOo5911 Wl lH  STA~k0.5915 
0.674 -0.277 0 0317 
-0.134 0. bO5 -0 0473 
0.104 -0.330 0.853 
Table A - 2 (cont'd) 
STA.NO.5912 U l T H  STA.'.Ue5915 
0 794 0.027 -0.240 
6.115 O o @ P S  -0.165 
0.046 -6.49 1 0eE72 
STbeY0.5923 HIT" STA.VO.tC24 
0.729 O.r'?Q 0 0016 
0.030 0.7 76 -0.100 
-0.034 -0.111 c.629 
STAoN@e591? W lTH STAep:C.6016 
0.877 . 0.243 0.084 
0.104 0.903 -0, 147 
0.063 -0.141 OaP55 
STAeNO.5934 H IT4 ST9.YC.bO07 
O.PO7 O o l t Q  (2.132 
0.134 0.608 -0.022 
0.076 -0,100 O . t Z R  
STA.V0.59?5 WITH S T &  eYG.6063 
0.715 O.Oe7 0.101 
0.046 0.757 -0.130 
0.120 ' -0.084 C1.8GC 
STAeN0.5930 W 1TH STPeN0.5933 
0,795 -0.152 -0.191 
0.276 0. 770 0.092 
-0.006 0-!27 0,790 
STAeN0.5930 W l T w  STAeN0e 5937 
0.865 -9.1 29 -0.218 
0.289 Oe71R 0.04'4 
-0.043 0.097 0.770 
STAeV0.5931 WlTH STA.V3.'935 
0.834 -0.165 -0.351 
0.140 0,696 - 0 . 0 ~ 7  
6 . 0 4 5  -C,016 0.710 
SiA.NO.5931 U l T t '  STI.YO.tO47 
0.832 -0.034 -0.C84 
0.053 0.7 P4 0. 106 
-0.057 0.058 0.830 
STAoVr).5Q3? W 1;W STA.?!3eq935 
0.7 40 -0.027 -0.235 
0.120 0.663 0.037 
-0.093 n. oo 1 0.tb9 
STA.NO.5933 HIT)+ S T  AeVO.fQ36 
0.816 -0.?50 -0.156 
0.178 0.8i3 - 0 ,  C64 
-0.031 0.057 6.774 
STAeN0.5934 UITti STA.Y@e5.935 
0.876 -0.003 -OelbP 
-0.044 O.8Bl -0.006 
-0.128 -0.054 0- 910 
STA.K@e5934 W I T ' 4  STA.YOe'93b 
0,939 -0.164 -Cl* 127 
0.020 0.950 -0oOOl 
-0.100 0.012 0.914 
STA.NO.5Q12 WlTH STA.Yt7.6009 
0-7G9 -0.446 0.015 
-0.294 0.625 4 . 1 9 0  
-0.120 -0.076 0 -733 
STA.YO-5923 WITH STA.WO.h0:5 
0 . ~ 5 7  - 0 . 0 3 ~  0.065 
0 • 202 0.831 0t1.157 
0.081 -0.lE5 0.801 
ST AeYOe5923 W I T  H STA .Y0.6065 
0.709 0.225 0 0033 
0.106 0.791 -0.145 
0,031 -0.159 0 706 
STA.Y0.59?4 UlTH STA.YCl.6016 
0.819 0.1 OR 0 -023 
0.212 0.782 -0o075 
0.064 -0.OP9 0.734 
574.N0-5930 W l  TH S T  A eNOe59?1 
0.782 -0.033 -0 -095 
0.160 0.636 0-001 
-0.062 0.100 0.764 
STAoEU.5930 HITP STAoN0.5935 
0.759 -0.OQ7 4 . 2 3 2  
0.336 0.56P -0.013 
-0.018 0.009 0.687 
STAoN3.5930 W l T h  STAeNOe6047 
o .e te  -0.110 -0.174 
0.190 0.8 15 0 -094 
-0.065 0.125 0 843 
STAeY0.5931 WITH S1A.W-5937 
0.835 - 0 . 0 ~ 9  -0.052 
0.130 0.71 5 0 -023 
-0 Oi2 O.O?O 0.745 
SfA.NOo5933 W1TH SlAeNG.5934 
0.901 -0.163 4 . 1 ~ 0  
0.099 0. e P 7 -o.oae 
-0.077 0.050 0.879 
ST AeY0-5933 WlTH STA .YO. 5937 
0.846 -0eOO1 4 . 1 8 0  
0.041 0.796 0.095 
-O.l?b 0.0 17 0. R 26 
STAeY0.5933 WITH STAeYOo6047 
0.7R5 0.106 -0.087 
-0.025 0,772 0.1 34 
-0.137 0012.7 0.825 
ST AoN0.5934 WlTH STA eNO.5937 
0.904 0.076 4 . 1 2 9  
-0.104 0.9 14 0.063 
-0, 164 -0.001 0.809 
STb.YCJeS~34 WITH STA.ND.6047 
0.797 0.199 -0.053 
- 0 . t Z t  C.797 0.101 
4 . 1 6 1  0,030 0.909 
Table A - 2 (cont'd) 
STA .NO. 5935 W ITH ST4 o V 0 e  5937 
0.050 OeOlb -0oOQl; 
-0.100 0.97'3 -0.039 
-0.157 -0.031 Cleo11 
STAeN0.5935 W 1TW STAehOeh012 
0.789 -0.200 -0.OP3 
-0 -0'  6 OeR79 -0.131 
-0.055 -0.101 0.796 
STAeho.5935 W l?n ST4eNOetO66 
0.789 -0.200 -0.083 
-0.01 A 0s 879 -0.131 
-0.055 -00101 0.795 
SlAeU0.5937 W lTH STA.'Ji?e6047 
0.923 0.075 -0.0bQ 
-0.078 Oe8e6 0.079 
- 0 o l i 4  0.066 0.887 
STA.NOe6002 WITH STAeh0.7043 
0.966 -0eOlC -0sOW 
-0-014 0.977 -0 -396 
-0 eOOR -0.397 0.982 
STAeV0.6003 WITH STA.'43et.134 
Oe72R 0.180 -0.110 
0.17 0 0.567 -0.1 90 
-0.149 -0.163 0e75R 
STA.N(I.6011 WlTH STA.NQ.605Q 
0.687 -0.112 U.000 
-0 -043 0.8 13 -0e24H 
-6.111 -ne360 0.319 
STAeY3.6012 WlTH STAeNI2.60661 
0 -999 -0. 163 -0.117 
-0.163 1.000 -0.079 
-0.117 -0.070 I .  000 
SfA.NOe6019 W 11'1 SlA.NO.9007 
0.7e4 -0.210 -0.100 
-0.235 0.578 0.2-I3 
-0 -01 3 0. 290 0.661 
STAeN0.60?? WITH STA.NC.6059 
0.7b6 OmO6~ C-025 
0.007 0.565 -0 -075 
0 0077 -0.032 0.590 
STAeN3.6023 WlTH STA.NDetOZ? 
0.5>9 -0.223 0.041 
-0.044 0.775 -0.199 
-3 006 -0.101 0e63a 
SlAeNOe6031 h ITH STAeh0.4066 
0.909 00001 0.110 
0.1R7 0.653 -0.231 
0.203 -0.225 0.780 
STAeN0.6038 WlTH STA~R0.6111 
0.850 OelCO -0-116 
0.231 0.594 -0.430 
0.009 -0.344 0.478 
STAoY0.5935 WlTH STA.YO.595R 
0.724 -1) -096 -0.125 
0eOb4 0.774 -0 -073 
-0.162 0.033 0.818 
SlAoN0.5935 W l  TH STA .N0.6047 
0.862 0.124 4 -063 
-0.117' 0.802 d -008 
-0.159 -0 -006  0 -833 
STA.NO.5937 WITH STA.NC.59?3 
0.745 -0.147 4 . 1 5 0  
0.157 ' 0.810 -0 -038 
- O s l o @  0.099 0 -768 
STbeVO. 5941 WITH ST b .NOe605'3 
0.820 0.049 -0 -003 
-0.056 Om785 -0.172 
0.130 -0.295 0.8P2 
S T A ~ ~ O e 6 0 0 3  h l  I H  STA-NO.6111 ' ' 
0.728 0.1 eo -0.110 
0 -  170 0.567 6 . 1 9 9  
-0.149 -0.163 0 -758 
STAeNOe600@ WITH STAeNOebOb7 
0.753 -0.116 -0.025 
-0.134 0.512 4 . 0 9 6  
-0.105 0.013 0.667 
S T A ~ Y O ~ 6 O l l  WITH STAeY0.9012 
0.99 1 -0.078 -0,117 
-0.077 0e9P5 -0.443 
-4,116 -0.442 0.989 
STAeYOe6016 WITH STAsNO. 6065 
0.777 0.177 0eOL5 
0.148 0.856 -0.144 
0.052 -0.143 0.813 
S T A . N O . ~ O ~ ~  HI Tn S T A  . Y F . ~ O ~ L  
0 -977 -0.236 -0.118 
-0 2 3 6 0.9R7 0.166 
-0.170 0- 164 0 -994 
STAeN0.6023 W I l H  STA.NOe6031 
0 834 0.193 0.181 
-0.053 0.556 -0.272 
- 0 ~ 0 l t r  -0.284 0 -606 
SfAeNO.6023 WlTH STA.NOe6060 
0.904 -0 . 042 0.082 
-0.115 0.864 -0.2 14 
-0.017 -0.241' 0.791 
STAeNOeh032 WITH STA.NO.6060 
0.568 -0.045 4 -007  
-0.216 0.701 6 . 1 9 1  
0.043 -0.148 0.766 
SlA.NO.6038 WITH STA.%Oe6134 
0.859 0.140 -0.1 16 
0.231 0.594 -0e43b 
0.009 -0.344 0.678 
Table A - 2 (contfd) 
STA.YO.6O?R WlTH STA.YC.9425 
0.830 0.13R -0.114 
0.224 0.577 -0.422 
0 . 0 0 ~  -0.?34 0.46e 
STA.NC.60~6 W l T b i  STA.YC.6Ohl 
0.156 -0.367 G O4L 
0.165 0. P 51 -0.073 
6 . 2 3 3  -0.261 0.59R 
STA.YO.6055 w I T H  S T  L.Vn. e007 
0.7 79 0.056 -0.041 
-0 0068 0.732 -0.070 
0.019 -0.001 0.764 
STA.NO.6059 N l T H  STA.VO.QOl2 
0.68 1 -0.045 -0.111 
-0.113 0.801 -0.360 
0.00Q -0.247 0.315 
STA.Nfl.606P W 11'4 STA.NO.9002 
0.989 h.154 -0.2 19 
0.154 0.994 -a. 135 
-0.218 -0.133 0.993 
STP.N0.6111 HITH SlP.NO.9435 
0 0967 0.092 -0.173 
0.089 0.970 -0.r lZ 
-0.173 -0.408 0.978 
STA.NO.7072 W I T H  STA.VQ.QO10 
0.973 -0.059 -0.022 
-0.060 0.995 -0.40R 
-0.022 -0.408 0.984 
STA.N0.8009 WITH STA.kO.EO11 
0.459 0.144 0.029 
0.079 0.574 -0.359 
0.078 -0.401 0.811 
STA.YO.80C'Q W l T H  5TA.SO. P O l Q  
0.467 0.044 0.030 
-0 0044 O.t!23 -0.344 
0.186 -0.282 0.752 
STA.VQ.8010 W ITH ST AoVO. F O l Q  
0.783 -0.031 0.169 
-Om070 0.063 -0.357 
0.252 -0.334 0.927 
STA.YO.PO10 W l T H  SlA.NO.4004 
0.586 0.144 0.315 
-0.101 0.8 07 -0 0401 
0.543 -o.see 0.817 
STA.NO.8010 WITH SlA.Nb.QOQ1 
0.686 -0.180 C. 246 
-0.017 0.6 RO -0.379 
0.260 0. O w  0.835 
STA.VO.80!0 WITH STA.40.C432 
0.588 -u. 124 0.045 
0.044 0.72 1 -0.27b 
-0e05P -0.029 0.773 
STA.NO.6042 W l l Y  STA.X0.9nZC 
O.YP1 OoCR7 rIoOCI8 
OoOtiR 0.983 -0.157 
0 00.8 -0.156 0.987 
STAoV0.60'5 WITH STAok?.6CC3 
0.603 0.035 0.183 
0.113 0.782 -0.102 
0. I 5 6  -0.089 006P7 
STA.YO.6055 WlTH STA.VO.902Q 
0.7b7 0.054 4 040 
-0.068 0.716 -0 -068 
0.020 0.000 0.750 
STA.YO.AO67 W I  I H  STA.YO.9029 
0.985 - ~ . I G S  -0.069 
-0.146 OmQ7G 0.004 
-0.068 0.005 0 -983 
STA.RO*6lll WITH STAoN", 6134 
0.999 0.092 -0.178 
0.092 0 999 -0.417 
-0.17 8 -0.417 1 .OOO 
STA.NO.6134 W 1 TH S T A  oNOoQ425 
0.9b6 0.002 6 . 1 7 4  
0.089 0 969 -0.411 
-0.173 -0.408 0 -978 
SlA.VC.AOO9 W!TP STA.YCJ.ROI0 
0.514 0 -024 6 0025 
-0.016 0.838 -0.286 
0.046 -0.277 0.730 
STA.NOo8009 k ITH STk.NO.8015 
0.464 0.048 0.030 
-0.042 0.824 -0.343 
0.183 -0.290 O.?=+l 
STA.NO.8010 WlTH STA.YO.8015 
0.777 -0.026 0.167 
-0.066 0.960 -0 3 56 
0.248 -0.340 0.925 
STA.VO.8010 HI TH S T 4  .NQ. PO30 
0.562 -0.015 0.147 
-0.046 0.832 -0 314 
0.138 -0.318 0.790 
STI.NO.8010 WlTH STA.NP.9051 
0.685 -0.1PO 0.245 
-0.017 0.679 4 . 3 7 8  
0.7: 9 o.oee 0.834 
STA.V0*8010 WITH $TA.Y3oo431 
0 546 -0.121 0 oOC9 
0.032 0.799 d ,299 
-0 • 200 - 0 e O t A  0.039 
ST A.YO.9015 W E  TH ST A.YOePOl9 
0 0978 -0.056 0.321 
-0.065 O.QQ2 -0.377 
0.323 -0.371 0 -991 
'l'able A - 2 (contld) 
STA.NO.Pnl5 WlTH STA.?.OoC030 
0.702 -0.054 0.277 
-0.043 0.864 -0.333 
0 19 r) -0.351 6.652 
STAoYO.8015 WITH CTPoN9.0051 
0.833 -0.119 0.304 
-0e015 0.692 -0.392 
0.309 0.025 0.907 
STA.VO.8015 W 1Td STb o'Jt1.9431 
0.489 '-0.093 0.149 
0.102 0.805 -0.324 
-0.140 -0.133 0.P34 
STA.fJO.AO19 HlTk' S7A oYC.6030 
0.691 -0.054 o.zai  
- 0  045 0.850 -0.326 
0.191 -0.349 0.846 
SlAoNOoe019 WITIt STA.N@.~OSL 
0.841 -0.121 0.369 
-0.31ti 0.696 -0.391 
0.311 0.023 0.912 
STAmNOm801Q W l T H  STA.40.Q431 
0.493 -0 -005 0.152 
0 -09 1 0.e 15 -0.313 
-0.148 -0.134 0.142 
STA.NO.0020 WlTH STA.V0.9004 
Om549 0.071 0.299 
-0.107 O.7(.9 -0.36h 
0.489 -0.500 0.774 
Sf A.NO.8030 WITH STA.NO.5091 
0.593 -0.116 0.241 
-0.OOP 0.570 -0.352 
0.269 0.008 0.780 
STAoNOoQ004 W I T V  S T 4  YO.9091 
0.784 0.150 0.517 
0.044 0.285 -0.474 
0.41 '5 -0oZOR 0.951 
STA eN0.9006 WITH STA.YC.9008 
0.450 0.187 -0. 143 
0.046 0.819 O.r*57 
0.098 0.448 0.749 
STA.YLl.9051 WITH STA.bO.QO91 
0.995 -0.107 0.423 
-0.107 0 0999 -0 157 
0.474 -0. 157 0 998 
STA.N9.905 1 W ITH ST AoVOmQ432 
0.592 -0.074 0.225 
-0.278 0.659 0 09R 
0.140 -0.207 0.71P 
STA.NOmQd91 WlTH Sfb.NOe'4437 
0.594 -0.074 0-  236 
-6.278 0.860 3,098 
0.140 -0.207 0.719 
ST A,NO.FOlS W l  l w  STA.Kl7.9004 
0 .  r?O 1 0.047 0 .&34 
-0.111 00P39 6 , 4 1 5  
0.570 -0.582 n .goo 
SlA.NO.bQ15 WITH SlA~YGm9091 
0.e35 -0.110 0.369 
-0.01'4 Om6@3 -0 -393 
0.309 0.025 0 e90R 
STA.Un.8015 WITH 5Tb.Vn.9432 
0.563 -0.093 0.183 
0.053 0.723 -0.306 
-0.205 -0.0' - 0 0783 
STA.hO.AO19 W l  TH S .Vr . ,sq04 
0.813 0.r I 0 0441 
-0.107 0 .  d 3 6  . .?04lS 
0.573 - - * 0 0906 . . 
S T A . . U O . B O ~ O  WITH 5 ' '.G.QOQI 
0.843 -0.121 0 -369 
-0.016 0.696 4 . 3 9 2  
0.312 0.023 O.C'.4 
STA.YO.8019 W f  TH STA oYO.9432 
0.5b9 -0.095 0.196 
0.046 0.734 -0 0209 
-0 004 -0.0@5 0.71(6 
ST A.VC.8030 W I  1H ST &.NO09051 
0.592 -0.116 0.241 
-0oOOQ 0.570 4 . 3 5 2  
0.2bQ 0.009 0.778 
STh.N0.9004 WITH STAoN0.905~ 
Oo'(ti1 0.150 0.516 
0.043 0.285 4 0473 
0.414 -0.20P 0 0949 
SlP.NO.9004 WITH STA.NO.9426 
3.357 -0.153 0.446 
0.395 0.852 4 . 5 3 2  
0.002 -0.3 16 0 0705 
STA.V0.9007 WITH STA ~Y0.9911 
0.807 -0.235 -0 00  12 
-0.211 0.584 0.296 
-0.101 3.273 0.665 
STAmVC.9051 W11H S T b  .NC.o431 
0.482 -0oO70 0.181 
-0.390 0.@77 00216  
0.021 -0.247 0.724 
STA.NO.90Ql WITH STAoNOoQ431 
0 0 4 t b  -0.070 0.182 
-0.3' I Qm87P 0.216 
0.021 -0.248 0 o 7 2 6  
STAeNOmQ432 WITH ST A.YO.9432 
0.7 10 -0.337 -0.159 
-0.231 0. en0 -O.C55 
-00 160 0.061 0.823 
Table A - 3 
Station Correlation Coef f f cients oi > 0.75 (Solution W12) 
